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 The conversion of natural landscapes for human use over the past century has led 
to significant ecological consequences. By clearing tropical forests, intensifying 
agriculture and expanding urban centers, human actions have transformed local, regional 
and global hydrology. Urban landscapes, designed and built atop impervious surfaces, 
inhibit the natural infiltration of rainfall into the subsurface. Deforestation, driven by the 
demand for natural resources and food production, alters river flow and regional climate. 
These land cover changes have manifested into a number of water management 
challenges, from the city to the watershed scale, and motivated investment into landscape 
re-greening programs. This movement has prompted the need for monitoring, evaluation 
and prediction of the hydrological benefits of re-greening. The research presented in this 
dissertation assesses the contribution of different re-greening strategies to water resources 
management, from multiple scales. Specifically, re-greening at the city scale is 
investigated through the study of vegetated rooftops (green roofs) in a dense urban 
environment. Re-greening at the watershed scale is investigated through the study of 
forest regeneration on deforested and ecologically degraded land in the tropics.   
 
 First, the benefits of city re-greening for urban water management are investigated 
through monitoring and modeling the hydrological behavior of a number of green roofs 
in New York City (NYC). Influence of green roof size and rainfall characteristics on a 
green roof’s ability to retain/ detain rainwater are explored and the ability of a soil 
  
infiltration model to predict green roof hydrology is assessed. Findings from this work 
present insight regarding green roof design optimization, which has utility for scientific 
researchers, architects, and engineers.  
 Next, a cost effective tool is developed that can be used to evaluate green roof 
hydrologic performance, citywide. This tool, termed the Soil Water Apportioning Method 
(SWAM), generates green roof runoff and evapotranspiration based on minimally 
measured parameters. SWAM is validated using measured runoff from three extensive 
green roofs in NYC. Additional to green roofs, there is potential for SWAM to be used in 
the hydrologic performance evaluation of other types of green infrastructure, making 
SWAM a relevant tool for city planners and agencies as well as for researchers from 
various disciplines of study.  
 Finally, the impact of degraded landscape re-greening is investigated using a case 
study of 15 watersheds in Puerto Rico that have experienced extensive reforestation. The 
study provides evidence of improved soil conditions following reforestation, which in 
effect positively impacts streamflow generation processes. Findings from this work fill a 
gap in knowledge regarding the hydrological benefits of forest regeneration in mesoscale 
watersheds and provide guidance for future investment into reforestation programs.  
 
 Land cover will inevitably continue to change to meet the needs of a growing and 
increasingly urban population. Yet there is potential to offset some of the ecological 
effects – especially those on hydrology – that result from land cover change. As a whole, 
this dissertation aims to contribute knowledge that can be used to make the re-greening of 
altered landscapes more realizable. 
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 The rapid conversion of land cover over the past century has had significant local 
and regional consequences on hydro-climate systems (Foley et al., 2005; Grimm et al., 
2008). The demand for clearing otherwise natural landscapes has stemmed from the need 
to support the unprecedented rates of urban population growth (Grimm et al., 2008). 
Today, more than half of the globe is considered urban, a number that is projected to 
grow to 66% by 2050 (United Nations, 2014). The flourishing need for agricultural 
products to support the world’s urban population, along with the exodus of greater 
numbers of people into cities, have been the largest drivers of global deforestation, urban 
sprawl and subsequently a growing number of water management challenges (Brown, 
2001; DeFries et al., 2010; Vörösmarty et al., 2000). The consequences of land cover 
change (LCC) on local and regional hydro-climatology may in some cases even outweigh 
those from climate change, making region-specific data and modeling driven studies vital 
for future water and land use planning decisions (DeFries and Eshleman, 2004; Lovett et 
al., 2007; Pielke, 2005; Vörösmarty et al., 2000).   
 LCC can disrupt the surface water balance by affecting the partitioning of 
precipitation into evapotranspiration, runoff and groundwater flow. Locally, at the sub-
watershed scale, the conversion of otherwise pervious surfaces into impervious cover, 
through clearing vegetation and trees and leveling and compacting of natural soils, 
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inhibits the infiltration of rainwater into the sub-surface, resulting in greater surface 
runoff than would have been experienced during a pre-clearing and/ or pre-urbanization 
period (Paul and Meyer, 2001). Regionally, at the watershed scale, river flow generally 
increases post clearing (Costa et al., 2003), although quantifying the impact of LCC on 
hydrology at this scale often requires region-specific studies that can discern between 
differences in geology, soils, topography and climate as well as heterogeneities in land 
cover (Andressian, 2004). Increased impervious cover through forest clearing and 
urbanization at both scales also affects water quality by funneling accumulated pollutants, 
including nutrients, metals and pesticides, from buildings, roadways, and agricultural 
lands into streams (Grimm et al., 2008; Paul and Meyer, 2001). Thus, the clearing and re-
defining of land cover has a direct impact on the lives of people and their environments, 
potentially leading to greater risks of flooding due to less soil water storage capacity 
(Bradshaw et al., 2007) and water resources contamination, among other things. 
Considering this, mitigating the water management challenges brought on by LCC 
requires a holistic approach that simultaneously considers solutions across various spatial 
scales (Blöschl et al., 2007).  
 Increasingly, focus has been placed on utilizing natural measures to combat the 
water management challenges brought on by LCC. Among the different options, re-
greening strategies such as reforestation programs and the incorporation of vegetated, or 
‘green’, infrastructure into urban landscapes prove the most attractive at both the sub-
watershed and watershed scale, due to their benefits beyond ameliorating water quantity 
and quality issues (Chazdon, 2008; Lamb et al., 2005; Laurance, 2007; Tzoulas et al., 
2007). While neither strategy can replace the ecological functions of the original 
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landscape (Hobbs et al., 2006), these new systems can potentially help to establish a new 
hydrologic balance amidst our increasingly urbanizing world. For this reason, quantifying 
the benefits – in the case of this dissertation, the hydrological benefits – of re-greening 
programs in urban and non-urban environments is vital for making more cognizant land 
use and water management planning decisions that can better assess the costs as well as 
the benefits of different available options (Gartner et al., 2013).    
1.1. Dissertation objective 
 The overarching objective of this dissertation is to advance the current state of 
knowledge regarding landscape re-greening strategies at various spatial scales by: 1) 
quantifying the impact of vegetated rooftop (green roof) drainage size on its ability to 
control stormwater runoff at the rooftop-scale, 2) developing a widely applicable and 
cost-effective method for quantifying green roof hydrology at a city-scale, and 3) 
quantifying the impact of reforestation on watershed scale hydrology in degraded 
landscapes. To achieve this three-pronged objective, the research draws on case studies in 
New York City and Puerto Rico. Section 1.2 provides background information regarding 
each case study. 
1.2. Background 
1.2.1. Re-greening in New York City 
 Recently, much focus has been placed on incorporating non-traditional, 
decentralized stormwater management infrastructure – such as those using vegetation, 
soils and natural processes – into urban spaces to help combat water management issues 
arising from increasing urbanization and shifting climate patterns. These green 
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infrastructure systems aim to mimic pre-development hydrology (Coffman, 2000) by 
capturing rainwater at its source, promoting evapotranspiration, and leading to a slow 
release of the remaining retained water into existing city infrastructure (see Figure 1.1). 
Green roofs in particular have gained popularity as a subset of green infrastructure that 
could be implemented in dense urban environments where land availability is scarce.  
 
 
Figure 1.1. Schematic of the hydrologic functionality of green roofs, compared with a conventional 
blacktop roof. Green roofs are believed to reduce stormwater runoff (Q) by capturing rainwater at its 
source, promoting evapotranspiration (ET) and leading to a slow release of the remaining precipitation (P).  
 
 Green roofs are typically composed of an engineered soil substrate planted with 
drought tolerant vegetation, and are underlain by a drainage layer that allows for 
vertically infiltrated rainwater to be transported toward the roof drain. Green roofs are 
classified as either extensive (<150 mm depth substrate) or intensive (>150 mm depth 
substrate) (Carson et al., 2013) based on their substrate thickness and the type of 
vegetation that they can support (see Figure 1.1). The use of one type over the other is 
most often dependent on cost and rooftop weight restrictions. Due to their lower cost, 
maintenance requirements, and weight per unit area, extensive green roofs are more 
widely implemented in established urban areas, and are the focus of the research 
presented in this dissertation. 
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 The appeal of green roofs for dense urban areas is twofold. First, rooftops are 
estimated to compose up to 50% of the impervious surface area of many cities (Culligan 
et al., 2011; Hoffman, 2006; Marsalek et al., 2006), revealing a nearly untapped source 
for green infrastructure implementation. Second, green roofs can provide many 
environmental co-benefits in addition to rainwater attenuation. Studies have shown, for 
example, that green roofs can help to reduce the urban heat island effect (Susca et al., 
2011; Takebayashi and Moriyama, 2007; Wong et al., 2003), increase building insulation 
(Niachou et al., 2001; Wong et al., 2003), control air pollution (Yang et al., 2008) and 
help manage urban noise (Van Renterghem and Botteldooren, 2011, 2009). These co-
benefits, along with the availability of suitable rooftop space in cities provide a strong 
motivation for investment in green roof systems.  
 As green roof implementation in urban areas becomes more typical, there is a 
growing need to quantify their region-specific benefits on water systems using robust and 
widely applicable physical monitoring and modeling programs. New York City presents 
an important case study for investigating the impact of urban re-greening because of the 
city’s large planned investments in new green infrastructure installations over the next 20 
years, which are projected to be in the thousands (Bloomberg and Lloyd, 2013).  
1.2.2. Re-greening in Puerto Rico 
 Although deforestation can have significant effects on watershed hydrology (see 
Figure 1.2), the extent of the relationship between forest cover and runoff remains a 
contentious issue, subject to ongoing discussion (Andressian, 2004; Bruijnzeel, 2004). 
While in recent years, there has been much attention on the role of forests in mitigating 
floods (ex. Bradshaw et al., 2007; Van Dijk et al., 2009), the impact of reforestation on 
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low, high and seasonal flows is also under growing debate as deforested lands are being 
abandoned, allowing for secondary forest regrowth, and greater investments are being 
made into reforestation programs (Bruijnzeel, 2004; Chazdon, 2008; Giambelluca, 2002; 
Lamb et al., 2005). Globally, secondary forests account for 70% of the total forested land 
in the tropics (Brown and Lugo, 1990; FAO, 2010). In Latin America and the Caribbean, 
secondary forests account for roughly 66% of the deforested land area (Aide et al., 2012). 
 
 
Figure 1.2. Generalized schematic of the impact of deforestation on watershed hydrology. Deforestation 
reduces local evapotranspiration (ET) through decreased plant water demand from vegetation, as a result 
total water yield (R) and river runoff (Q) are increased. At a regional scale, precipitation (P) patterns may 
also be affected. Figure adapted from Wohl et al. (2012).  
 
 The regeneration of forests on previously degraded landscapes may lead to 
improved soil water storage capacity over time, however, the hydrological benefits of 
forest recovery remain poorly understood (Bruijnzeel, 2004). To date, the general 
contention is that the impact of reforestation on watershed hydrology depends on the 
trade-off between increases in runoff due to enhanced soil water recharge and decreases 
in soil water reserves due to the higher water use of trees compared to crops, pasture, or 
shrub lands (Bonell and Bruijnzeel, 2005; Bruijnzeel, 2004, 1989). This trade-off is also 
dependent on the physical environment of the reforested region, namely on the soil type, 
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underlying geology, climate, topography and land cover, making it difficult to draw 
general conclusions without undertaking regional studies (Price, 2011; Wohl et al., 2012). 
The benefits of reforestation may also be further complicated by the degree of 
degradation that the landscape sustained prior to re-greening efforts (Giambelluca, 2002). 
Thus, there is an immediate need for greater understanding of reforestation – whether 
from agricultural land abandonment or from targeted reforestation programs – on 
regional hydrology. This is an especially important topic for developing countries that 
have faced severe deforestation and land degradation and are now making large 
investments into targeted reforestation programs with the aim of rehabilitating the 
degraded environment (ex. in Haiti Lall, 2013). Unfortunately, however, many of these 
nations lack the historical record of hydro-climate and land cover data required to 
conduct robust studies regarding the hydrologic impact of re-greening efforts (FAO, 
2010; Wohl et al., 2012).  
 The Caribbean island of Puerto Rico presents a good opportunity to study the 
impact of natural forest regeneration on regional hydrology. The island nation has 
experienced significant changes in land cover over the past 60 years – forest cover rose 
from less than 10% in the 1930s to approximately 57% in 2003 (Brandeis et al., 2003) 
and nearly half of the island is estimated to be in some degree of urban sprawl 
(Martinuzzi et al., 2007). Most of the reforestation in Puerto Rico has occurred on 
abandoned agricultural lands and coffee plantations (Aide et al., 2012; López et al., 
2001). Contrary to its neighboring islands in the Caribbean basin, however, Puerto Rico 
has a strong record of publically available hydro-climate and historical land cover data, 
which make it possible to conduct analysis on historical water and LCC dynamics. Thus, 
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studying the impact of LCC on watershed hydrology in Puerto Rico can help to both 
advance knowledge of tropical reforestation and to provide critical information for other 
tropical regions undergoing land cover conversion.  
1.3. Research questions & dissertation format 
 Given the importance of LCC on local and regional hydrology and current 
limitations in the state of knowledge on this topic, this dissertation aims to quantify the 
impact of landscape re-greening on water systems across various spatial scales. The 
dissertation takes a three-paper structure to meet the main objective, in each chapter 
offering studies representing different scales of re-greening, from the sub-watershed to 
the watershed scale. Figure 1.3 outlines the format of the dissertation, presenting the key 
research question addressed in each chapter. 
 In Chapter 2, the research seeks to fill a gap in knowledge regarding the impact of 
green roof scale on its hydrologic performance. Specifically, this chapter investigates 
how rainfall characteristics and green roof drainage area impact the peak and cumulative 
volume of green roof runoff during individual storm events. Hydro-climate data gathered 
from three extensive green roofs of variable size in New York City is analyzed and the 
applicability of a one-dimensional infiltration model for future studies is assessed. 
Chapter 3 also focuses on quantifying green roof hydrologic performance by developing 
a low-cost method for the long-term evaluation of green roof runoff and 
evapotranspiration that can be applied at a citywide scale. The method, termed the Soil 
Water Apportioning Method (SWAM), relies solely on measurements of local 
precipitation, substrate soil moisture and knowledge of the substrate maximum water 
storage capacity, and is validated using measured parameters from three extensive green 
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roofs in New York City. The final core chapter, Chapter 4, investigates the impact of 
LCC – focusing on reforestation – on 15 mesoscale watersheds in Puerto Rico for the 
period between1955 to 2015. Various datasets from different sources are utilized to 
characterize 1) the physical characteristics and changes over time for each watershed, 2) 
changes in precipitation, total streamflow, and high, low and seasonal streamflow using 
trend analyses, 3) the influence of a number of biophysical and anthropogenic factors, 
including land cover, on changing streamflow, and 4) changes in the baseflow recession 
behavior. The concluding chapter of the dissertation, Chapter 5, discusses the 
















Abstract – Green roofs offer many benefits for dense urban environments, one of which is their 
potential to supplement existing stormwater management infrastructure. The ability of green roof 
systems to act as a decentralized rainwater retention and detention network has been the topic of many 
recent studies. While these studies have provided important insight into the hydrologic performance of 
green roofs, none to date, to the knowledge of the author and her collaborators, have specifically 
examined the effect of green roof drainage area on system performance in an urban climate. The 
research summarized in this chapter aims to evaluate how rainfall characteristics and green roof scale 
impact the peak and cumulative volume of green roof runoff during individual storm events. The 
hydrologic performance of three extensive green roofs in New York City, each with the same 
engineered components and age but different drainage areas, are analyzed. It is found that green roof 
drainage area has the greatest impact on peak runoff reduction, with peak runoff reduction increasing 
with increasing drainage area, whereas rainfall retention and the time to peak runoff are not greatly 
influenced by drainage area. Data collected from the three green roofs are used to examine the 
applicability of a one-dimensional infiltration model, HYDRUS-1D, in predicting hydrologic behavior 
across the different green roof spatial scales. It is found that model performance improves as the green 
roof drainage area and rainfall volume increases. However, in general, HYDRUS-1D is only partially 
able to capture the hydrologic behavior of extensive green roofs across the different rooftop scales 
examined during this study. 
 
Graphical Abstract – Graphical representation of the main findings regarding A) the influence of 
green roof drainage area on reductions in peak rainfall runoff and B) the influence of rainfall 







Urbanization poses many challenges for stormwater management in cities. 
Reductions in pervious land area and vegetative cover, and the leveling and compacting 
of natural soils, have greatly modified the hydrologic cycle, resulting in higher rainfall 
runoff peaks, volumes and velocities than would be seen under pre-development 
conditions (Palla et al., 2012). Greater urban runoff can lead to disruptive flooding and, in 
many older cities, combined sewer overflows (CSOs) – the overflow of sewage and 
rainwater from single pipe systems into neighboring water bodies – affecting water 
quality and habitat health (National Research Council Committee on Reducing 
Stormwater Discharge Contributions to Water Pollution, 2009). While conveyance and 
detention infrastructure have traditionally been used for reducing urban flooding and 
CSO occurrences, these options are becoming increasingly difficult to implement in 
dense urban environments due to design and cost restrictions associated with city 
construction, creating a need for low footprint solutions at the ground and in the sub-
terrain (Field and Sullivan, 2001). This need has made alternative design solutions, such 
as low impact development, an attractive option.  
With the aim to mimic predevelopment hydrology (Coffman, 2000), low impact 
development focuses on designs that work with nature to reduce the impact of the built 
environment by, among other things, increasing pervious land area, managing stormwater 
as close to its source as possible, and mitigating the urban microclimate. Since in many 
cities rooftops make up to half of the impervious urban land area (Culligan et al., 2011; 
Hoffman, 2006; Marsalek et al., 2006; Palla et al., 2009; Villarreal and Bengtsson, 2005), 
there is a meaningful opportunity for green, or vegetated, roofs to become an important 
component of low impact development planning strategies (Carson et al., 2013; Guo et 
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al., 2012; Montalto et al., 2007; Palla et al., 2012). Compared with conventional roofs, 
the growing substrate and vegetation layers of green roofs attenuate and delay peak 
rainfall runoff and reduce overall runoff volumes (Berndtsson, 2010; Mentens et al., 
2006; Stovin, 2010), thereby diminishing the load on combined and separate sewer 
systems as well as the likelihood of street flooding. 
Green roofs are typically constructed by placing a drainage course, growing 
substrate, and vegetation on top of a roof’s waterproof membrane. In some installations, 
green roofs may also have additional geo-synthetic layers for preventing plant root 
penetration damage, limiting sediment intrusion into the drainage course, and/or 
increasing water storage. It is common for green roofs to be classified as either extensive 
or intensive based on the thickness of the growing substrate layer (Berndtsson, 2010). 
Extensive roof substrates are generally classified as being 15 cm thick or less and feature 
short rooting, drought resistant plants, whereas intensive roof substrates are greater than 
15 cm thick and may be sowed with deeper rooting plants including shrubs and trees. Due 
to their lighter weight and lower maintenance requirements, extensive green roofs are 
more widely implemented in urban environments than their intensive counterparts and 
are thus the focus of this study.  
Several factors affect the ability of a green roof to mitigate urban runoff, 
including the hydraulic properties of the growing substrate, the substrate’s antecedent 
moisture conditions – which will be influenced by local evaporation and transpiration 
potential – rainfall volume, and rainfall intensity (Carson et al., 2013; Hilten et al., 2008). 
Green roof geometry, including drainage area and configuration, can also influence green 
roof water retention capacity and runoff dynamics (Berndtsson, 2010). The size of the 
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drainage area, in particular, can influence rainwater travel times through horizontal 
drainage layers as well as rainwater detention – temporary storage and eventual slow 
release of water – which could affect both runoff and evapotranspiration. Thus, there is a 
need to better identify optimal strategies for green roof design and placement in urban 
environments that account for the influence of scale on green roof hydrologic 
performance. Although some research has been undertaken regarding the impact of green 
roof scale on a regional level (ex. Carter and Jackson, 2007; Villarreal et al., 2004), most 
studies have focused on the behavior of individual roofs without specifically accounting 
for the impact of roof size and the role of drainage area on urban green roof runoff 
characteristics. 
The primary objective of this study was to evaluate how drainage area impacts 
green roof hydrologic performance during individual storm events and explore the 
applicability of a one-dimensional hydrologic model, HYDRUS-1D, in predicting that 
performance. Although green roof modeling efforts using HYDRUS-1D have been made 
in previous studies with relative success (ex. Hilten et al., 2008; Palla et al., 2012), to the 
best knowledge of the author and her collaborators no studies to date have explored the 
model’s performance across green roofs that have the same engineered characteristics but 
different drainage areas. The results of this study aim to fill a gap in knowledge regarding 
the role of scale in urban green roof hydrologic performance, adding to the current body 
of work building toward effective urban planning of green infrastructure.  In the sections 
that follow, the extensive green roof study sites, which span several orders of magnitude 
difference in drainage area, instrumentation and data collection protocols are described, 
together with the HYDRUS-1D model and parameter selection process. The observed 
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hydrologic behavior of the green roofs is then presented, followed by a comparison of the 
HYDRUS predictions and observed behavior for the different green roof scales. Finally, 
the limitations of the work are discussed and conclusions are drawn.  
2.2. Methodology 
2.2.1. Site descriptions 
The three green roof sites that were part of this study are located on buildings 
around Columbia University’s Morningside Campus in Manhattan, New York (Figure 
2.1). The 423 West 118th Street building (W118) is a graduate student residence; the 635 
West 115th Street building (W115) is Brownstone housing for Columbia University’s 
Office of Environmental Stewardship, while the S.W. Mudd Building (Mudd) is the 
headquarters of Columbia’s School of Engineering and Applied Sciences.  
In 2007, the Xero Flor XF301+2FL pre-vegetated sedum mat system was 
installed on the W115 and W118 buildings. This system consists of a 32 mm thick 
integrated unit of plant material and growing substrate, underlain by two 6 mm thick 
water retention fleeces, a 19 mm non-woven polymer drainage mat and an 0.5 mm 
polyethylene root barrier (Figure 2.2). The sedum species grown in the mat include: 
Saxifraga granulata, Sedum acre, Sedum album, Sedum ellacombianum, Sedum 
hybridum ‘Czars Gold’, Sedum oregonum, Sedum pulchellum, Sedum reflexum, Sedum 
sexangulare, Sedum spurium var. coccineum, Sedum stenopetalum. Hummel & Co (2007) 
report that the substrate has a water-saturated density of 1.37 g/cm3, a water storage 
capacity of 37.1%, and a saturated hydraulic conductivity of 1.26 cm/min, based on tests 
following the Forschungsgesellschaft Landschaftsentiwicklung Landschaftsbau 
guidelines (FLL, 2002). The 600 m2 W118 roof consists of two watersheds connected to 
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exterior parapet downspouts (Figure 2.1A), of which the southwest watershed, with a 310 
m2 drainage area, was monitored for rainfall, runoff and substrate moisture content. The 
smaller W115 green roof has a single 99 m2 watershed connected to an exterior parapet 
downspout (Figure 2.1B): this watershed was also monitored for rainfall, runoff and 
substrate moisture content. Fifty three percent and fifty eight percent of the W118 and 
W115 roofs are vegetated, respectively, with gravel walkways, parapets, and a raised 
rooftop above the buildings’ elevator/ stairwell shaft comprising non-vegetated areas. 
 
Figure 2.1. Locations and schematics of the studied green roof sites (A) W118 (600 m2), (B) W115 (99 m2), 
and (C) Mudd (0.09 m2). Roof schematics are not to scale. The outlined drainage area reflects the 




Figure 2.2. Profile and components of the XeroFlor® green roof system. 
 
The Mudd site consists of a 30 cm x 30 cm test box assembled on the roof of the 
S.W. Mudd Building in 2008 as part of an experimental set up described in detail by 
Peterson (2009) (Figure 2.1C). A segment of the Xero Flor XF301+2FL pre-vegetated 
sedum mat system with the same stratification adopted for the W118 and W115 sites was 
placed in the test-box and monitored for rainfall and runoff only.  
 
Table 2.1. Characterization of the investigated green roof sites. 
 
Denomination Location Type Monitored Drainage Area 
(m2) 
W118 












2.2.2. Instrumentation and data collection 
An Onset Hobo U30 (Hobo) data logger was installed on each of the roofs 
described above. Readings from equipment connected to the data loggers were taken 
every second and five minute averages were recorded and wirelessly uploaded to the 
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Onset Hobolink data service every hour. Data were then accessible on-line via this 
service. 
For the W118 and W115 roofs, the Hobo logger recorded rainfall with a tipping 
bucket rain gauge, while green roof runoff was measured using custom designed weir 
devices described by Carson et al. (2013). Additional sensors were connected to the 
logger to record local environmental conditions such as green roof growing substrate 
moisture content and temperature, air temperature, solar radiation, wind speed, and 
relative humidity. The W118 and W115 data used in this study were recorded at five-
minute intervals from August 2011 to July 2012.  
 For the Mudd site, runoff was measured by a tipping bucket that was placed 
beneath the drain of the test box, while rainfall was recorded with another tipping bucket 
located close to the test box. The Mudd data used in this study were recorded at five-
minute intervals between September 2009 and November 2009. 
2.2.3. Observed hydrologic performance 
Monitored rainfall and corresponding runoff responses were separated into 
individual storm events following the National Oceanic and Atmospheric Administration 
(NOAA) minimum 6-hour dry weather period (National Oceanic and Atmospheric 
Administration, 2007). The separated events were pre-processed to assess suitability for 
analysis using criteria determined by Carson et al. (2013). Events were removed if (1) the 
recorded peak runoff rate caused an accumulation in the weir that exceeded 90% of the 
notch height, and thus was close to the measurement capacity of the weir, (2) 
precipitation was in the form of snow, (3) the recorded volume of runoff exceeded the 
volume of rainfall, which occurred when a weir became clogged with debris and leaves, 
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and (4) storm conditions caused a malfunction in the recording device. The events were 
then separated by green roof size and placed into three storm categories, representing 
small events (<20 mm rainfall depth), medium events (20-40 mm rainfall depth) and 
large events (>40 mm rainfall depth). The storm size categories will henceforth be 
referred to as small, medium and large events. Table 2.2 lists all available events together 
with those considered suitable for analysis for each green roof site.  
Table 2.2. Characterization of observed storm events at the green roof sites. 
 
Number of Events W118 W115 Mudd 
Total available 113 110 9 
Suitable for analysis 63 79 6 
0-10 mm 32 53 2 
10-20 mm 9 17 1 
20-30 mm 11 3 1 
30-40 mm 2 2 1 
>40 mm 9 4 1 
Small 41 70 3 
Medium 13 5 2 
Large 9 4 1 
Selected for Modeling 
Small 7 10 3 
Medium 5 4 2 
Large 4 2 1 
 
The hydrologic performance of the green roof sites was assessed per unit area of 
rooftop, to enable comparison across the different roof scales. The assessment was based 
on three parameters: (1) rainwater retention, (2) lag time between peak rainfall and peak 
runoff, and (3) the percent reduction from peak rainfall to peak runoff per unit roof area. 
Per the illustrative hydrographs in Figure 2.3, retention was calculated as: 
 
∑ 𝑟𝑎𝑖𝑛𝑓𝑎𝑙𝑙 − ∑(𝐺𝑅 𝑟𝑢𝑛𝑜𝑓𝑓)/𝐴
∑ 𝑟𝑎𝑖𝑛𝑓𝑎𝑙𝑙
 x 100 [2.1] 
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peak reduction as: 
𝑃𝑅 − 𝑃𝑄
𝑃𝑅
∗ 100 [2.2] 
and lag time as: 
𝑡𝑄 − 𝑡𝑅 [2.3] 
where A is the total area of the roof, PR and PQ represent peak rainfall and peak runoff per 
unit roof area, respectively, and tQ and tR represent time to peak runoff and time to peak 
rainfall, respectively.  
 In what follows, all further references to runoff volume, peak runoff and peak 
reduction are per unit area of each roof. 
 
Figure 2.3. Illustrative rainfall and green roof runoff response hydrograph, indicating key parameters used 
for assessing hydrologic performance from the monitored systems. PR and PQ represent peak rainfall and 
peak runoff, respectively; tR and tQ represent time to peak rainfall and time to peak runoff, respectively. 
2.2.4. Hydrologic modeling  
 Thirty-eight representative events, spanning different rainfall depths, durations 
and intensities, were selected for HYDRUS-1D modeling. Sixteen events each from the 
W118 and W115 roofs and six from the Mudd test box were modeled; corresponding to 
25%, 20% and 100% of the total number of events recorded, respectively. Because the 
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number of recorded events was limited for the Mudd test box, all of the events were 
modeled in order to provide the widest range of behavior possible. The proceeding 
sections provide a discussion of the model, its derived input parameters, and the model 
validation process.  
2.2.4.1. Model description, boundary and initial conditions 
Given the relative thinness of the Xero Flor XF301+2FL pre-vegetated system, 
the dominant process governing water flow during individual storm events was 
considered to be vertical infiltration through the roof’s layers to the base drainage mat. 
This assumption is also supported by a previous study from Bengtsson (2005). Thus, as 
per prior studies (ex. Hilten et al., 2008), the HYDRUS-1D finite element flow and solute 
transport model for variably saturated porous media (Šimůnek et al., 2009) was selected 
to simulate stormwater runoff behavior from the three green roof study sites.  
HYDRUS-1D adopts the Galerkin type linear finite element scheme to 









+ 1)] [2.4] 
where θ is the volumetric water content [L3L-3], ψ is the tensiometer pressure potential 
[L], z is the vertical coordinate, positive upward, and K is the unsaturated hydraulic 
conductivity [LT-1]. In order to obtain an analytical expression for the unsaturated 
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where 𝜃𝑟 and 𝜃𝑠 are the residual and the saturated volumetric water content [L
3L-3] of the 
modeled unit, respectively, α is a fitting parameter [L-1], n and m are dimensionless shape 
parameters of the soil-water retention curve, being m = 1 – 1 / n, 𝑆𝑒 = (𝜃 − 𝜃𝑟)/(𝜃𝑠 −
𝜃𝑟) is the effective saturation, and KS is the saturated hydraulic conductivity [LT
-1]. 
The 32.5 mm thick integrated unit of plant material and growing substrate and the 
two 6.25 mm thick water retention fleeces above the green roof’s 19 mm thick drainage 
mat were modeled as a 50 mm thick homogenous unit, discretized into 101 contiguous 
nodes. The choice of 50 mm was based on observations that the thickness of the 
integrated unit of plant material was actually as high as 38 mm, thus a rounded average 
value of 50 mm was selected for the thickness of the integrated unit and water retention 
fleeces. At the unit’s upper boundary a system-dependent boundary condition was 
imposed, since moisture content in the underlying layers impacts water flux through the 
unit’s upper boundary. When the unit was unsaturated, a prescribed flux (equal to the 
atmospheric precipitation) was applied at the upper boundary. Conversely, when the unit 
reached saturation, a zero head condition (𝜓 = 0, no ponding) was applied; above which 
excess input water was converted into surface runoff. A free drainage boundary 
condition, corresponding to a zero-gradient pressure head (𝜕𝜓/𝜕𝑧 = 0), was applied at 
the base of the modeled unit. This reflected the assumption that vertical drainage 
dominates flow due to the thinness and quick-draining nature of the green roof substrate.  
Green roof hydrological behavior during each storm was then modeled by running 
simulations starting the hour prior to a storm, through the storm itself, to 6 hours 
 22 
following the end of the storm. The precipitation data during each storm were input to 
HYDRUS at five-minute intervals using the relevant observed data from the rooftop 
tipping buckets. 
Analysis was carried out to test the sensitivity of the extensive green roof water 
balance to evapotranspiration during a single storm event. Evapotranspiration (ET) was 
simulated for the W115 roof based on the United Nations Food and Agriculture 
Organization (FAO) recommended Penman-Monteith combination equation and 
estimated soil-water availability (Šimůnek et al., 2009) using monitored meteorological 
data. Several events were modeled both with and without ET input, and the difference 
between the runoff results was found to be negligible. Based on this, evapotranspiration 
during storm events was not considered for any of the simulations. ET that would have 
affected the antecedent soil moisture conditions, however, was included.  
The initial boundary conditions in HYDRUS represent the starting saturation of 
the green roof unit, expressed as a suction head. In all cases, it was assumed that the 
effective saturation of the unit was equivalent to the effective saturation of the green roof 
substrate prior to each storm event. Measurements of substrate moisture content were 
used to calculate the effective saturation of W118 prior to each storm event and translated 
to an initial suction head via the medium’s water retention curve (see Figure 2.4). 
Reliable moisture content data were not available for W115 during the study period due 
to an instrument malfunction and substrate moisture content was not collected for Mudd. 
Hence, an average initial boundary condition from W118 of 10% saturation was taken as 
the initial boundary condition for W115 and Mudd for all storms. A sensitivity analysis 
on the impact of average versus actual initial boundary conditions was conducted for the 
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W118 roof. Because the models were able to converge the initial pressure heads within a 
few times steps, it was found that the difference between the predicted and observed 
runoff depth associated with using the average substrate saturation, versus measured 
saturation, was within 5%, which was considered acceptable. 
2.2.4.2. Growing substrate water retention curve 
The substrate water retention curve was measured in Columbia University’s 
Heffner Hydraulics Laboratory using five samples of the green roof substrate. A 15 bar 
capacity pressure plate extractor was used to derive the curve (Figure 2.4), which 
represents the relationship between the volumetric substrate water content, θ, and the 
suction head in the substrate, ψ. The experimental procedure followed the method set out 
in ASTM International (2009). Different pressure levels, ranging from 0.1 to 8 bars, were 
applied to the five samples and the corresponding gravimetric water content of each 
sample was measured after equilibrium was reached at each pressure. The final substrate 
curve was then obtained by averaging the gravimetric water content of the five samples at 




Figure 2.4. Measured and simulated water retention curves for the XeroFlor® growing medium. 
 
2.2.4.3. Selection of model parameters 
The solution of Eq. [2.4] in HYDRUS-1D requires the input of five independent 
parameters: θr; θs; α; n; KS. Table 2.3 summarizes the values of these parameters used in 
this study. The values for α and n were estimated by fitting the experimentally derived 








where 𝜓𝑏 is the bubbling pressure [L] and 𝜆 is a dimensionless pore-size distribution 













= 𝜆 + 1
 
[2.9] 
Values of θr and θs were obtained from the fitted water retention curve (see Figure 
2.4), with θr taken as the volumetric water content at Ψ=100 m. The difference between θs 
and θr indicate an upper bound to the water retention capacity of the growing medium of 
30%, which is 7% lower than that reported by Hummel & Co. (2007). 
The saturated hydraulic conductivity of the green roof unit, KS, was taken to be 
1.26 cm/min, as reported by Hummel & Co. (2007) based on FLL testing protocol. This 
value is within the range 0.25 – 2.5 cm/min, which is considered satisfactory for green 
roof media saturated hydraulic conductivity (Snodgrass and McIntyre, 2010) and also 
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comparable to values reported by others; for example Sun et al. (2012) report Ks
 values of 
0.7 cm/min and 0.65 cm/min for extensive green roofs located in China and the US, 
respectively, while van Spengen (2010) reports an average Ks value of 1.8 cm/min for a 
potting soil mix that was used to form an extensive green roof substrate in Singapore.  
 
Table 2.3. Hydraulic parameters of the Xeroflor® substrate. θr, θs, α, and n were experimentally derived; 
KS was adopted from laboratory test results reported by Hummel & Co (2007).  
 
θr θs α n KS  
(cm3/cm3) (cm3/cm3) (1/cm) (-)  (cm/min) (mm/h) 
0.058 0.360 0.011 1.519 1.26 756 
 
2.2.4.4. Quantification of model accuracy 
 The performance of the model simulations with respect to the observed data was 
assessed by comparing the predicted and observed hydrographs in terms of: total runoff 
depth, peak runoff rate, and time to peak runoff. In order to quantitatively evaluate the 
model accuracy in predicting green roof runoff during a single storm event, two statistics 
were used. Moriasi et al. (2007) recommend the Nash-Sutcliffe efficiency (NSE), ratio of 
the root mean square error to the standard deviation of measured data (RSR), and percent 
bias (PBIAS) to evaluate hydrologic model performance. According to their study, a 
watershed runoff model can be considered satisfactory if NSE > 0.5, RSR ≤ 0.7, and 
PBIAS ± 25%. Given the small scale of green roofs relative to typical small watersheds, 
the recommended threshold for PBIAS was not explicitly used as criteria for the 
HYDRUS-1D model performance, as it was believed that it would provide a false 
indication of model under-performance. Rather, PBIAS was used as a general indication 
for runoff bias, and was calculated so that positive values represent a positive bias, or 
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over-prediction, while negative values represent a negative bias, or an under-prediction. 
The recommended threshold values for NSE and RSR, however, were used as cutoff 
points for evaluating model performance.  
The Nash-Sutcliffe Efficiency, NSE, index (Moriasi et al., 2007; Nash and 
Sutcliffe, 1970) was computed from:  
𝑁𝑆𝐸 = 1 −
∑ (𝑞𝑡 − ?̂?𝑡)
2𝑛
𝑡=1





where 𝑞𝑡 and ?̂?𝑡 are the predicted and the observed runoff values, respectively, m is the 
mean value of the observed outflow data, t represents a time step and n is the total 
number of time steps throughout the storm event. The NSE index ranges from −∞ to 1. 
Negative values indicate that the model returns a less accurate estimation of the roof 
runoff than the mean value of the observed data, while a NSE index equal to 1 indicates a 
perfect equivalency between predicted and observed runoff.  
2.3. Results and discussion 
2.3.1. Rainfall characteristics and green roof hydrologic performance 
 The key climatic determinants for green roof hydrologic performance have often 
been identified as: rainfall depth, event intensity, event duration and the antecedent dry 
weather period (ADWP) (Berndtsson, 2010; Palla et al., 2011; Stovin, 2010). Thus, these 
four characteristics were used to guide the interpretation of the observed results for this 
study. Although rainfall intensity can be characterized in different ways, this study 
considered it to be the total precipitation divided by the duration of each event. 
The results from this study (as displayed in Figure 2.5) indicate that, of the four 
key climatic determinants investigated, rainfall depth and event duration have the greatest 
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influence on rainfall retention and peak reduction. Across all three green roof scales, the 
average rainfall retention for events less than 20 mm in depth was 85%, whereas it was 
48% for events 20-40 mm in depth, and 32% for events larger than 40 mm in depth. For 
average peak reduction: events less than 20 mm in depth displayed an average reduction 
of 89%, whereas an average reduction of 62% was seen for events of 20-40 mm in depth, 
and 51% for events larger than 40 mm in depth. These results are similar to those 
reported by others. For example, Carter and Rasmussen (2006) reported 88% retention 
for small rainfall events (<25.4 mm), 54% for medium rainfall events (25.4 to 76.2 mm) 
and 48% for large events (>76.2 mm) from a green roof study in Athens, Georgia. 
Although climate conditions play a factor in the performance of green roofs in different 
regions, the general finding that green roof retention and peak reduction decrease as 
rainfall volume increases is also in agreement with a number of other studies (Berghage 
et al., 2009; Carson et al., 2013; Getter et al., 2007). 
The results presented in Figure 2.5C indicate that green roof rainfall retention and 
peak reduction performance decrease as storm duration increases. The average rainfall 
retention for events lasting less than 10 hours was 85%, 66% for events between 10-20 
hours, and 43% for events lasting longer than 20 hours. With respect to the observed peak 
reduction: the average peak reduction for events lasting less than 10 hours was 89%, 
while it was only 67% for events between10-20 hours, and 55% for events lasting longer 
than 20 hours. These results are explained by the fact that total volume of rain increased 
as rainfall duration increased. Thus longer duration events reduced the water storage 
capacity of the substrate and resulted in more runoff. The exception to this was the 
occurrence of short duration, high intensity storms, which account for the large spread of 
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green roof performance displayed in Figure 2.5. A study of an extensive green roof in 
Pennsylvania by Bliss et al. (2009) also found a relationship between storm duration and 
overall green roof hydrologic performance, where the greatest reductions in total volume 
of runoff between the monitored green roof and a control roof were recorded for storms 
under 12 hours in duration.  
One surprising trend is that the ADWP does not appear to have a primary 
influence on the rainfall retention or reduction in peak runoff for the green roofs studied 
(see Figure 2.5D). This finding differs from the reports of several other studies, which 
found the ADWP to be a key hydrological determinant for green roof performance 
(Fioretti et al., 2010; Palla et al., 2011; Stovin, 2010). The fact that similar trends in 
rainfall retention and peak runoff reduction are seen for ADWP values ranging from less 
than 50 hours to more than 100 hours is attributed to the observation that rainfall depth 
and event duration are greater determinants of hydrologic performance during individual 
storm events than ADWP for the investigated shallow, extensive green roofs. A similar 
conclusion was also drawn in a study by van Spengen (2010). Van Spengen’s study, 
although based on test box observations and not the monitoring of full scale roofs, found 
that substrate moisture content is a better predictor for green roof retention than ADWP. 
This can be explained by the fact that the substrate moisture content is a more direct 
indicator of green roof retention capacity. Although there is a relationship between 
ADWP and substrate moisture, the relationship depends on factors that impact green roof 




Figure 2.5. Rainfall retention, reduction in peak rainfall, and lag time between peak rainfall and peak 
runoff for all events from the studied sites broken down into three classes of (A) total rainfall depth, (B) 
rainfall intensity, calculated as the total precipitation divided by the duration of each event, (C) rainfall 
event duration and (D) antecedent dry weather period. Table A1 provides summary statistics for this figure. 
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The highest rainfall retention and peak reduction values were experienced most 
frequently during events characterized with less than 1 mm/hr of rainfall. Rainfall 
retention ranged from 55-100% (exclusive of finite outliers) for these events with an 
average value of 87%, while 25th and 75th quartiles spanned from 81-100%. In addition, 
peak reduction ranged from 66-100% (exclusive of finite outliers) with an average value 
of 88%, while 25th and 75th quartiles spanned from 86-100%. Green roof performance 
was largely consistent beyond 1 mm/hr event intensities. Rainfall retention ranged from 
11-100% and 10-100% for event intensities of 1-3 mm/hr and those greater than 3 mm/hr, 
respectively; while peak reduction ranged from 3-100% and 28-100%. These results 
indicate that event intensities greater than 1 mm/hr play a much smaller role in predicting 
the hydrologic behavior of green roofs than rainfall depth and event duration. Bliss et al. 
(2009) also revealed a weak relationship between intensity and runoff reduction, where a 
wide range of runoff reductions occurred for storms of similar intensities.  
Finally, it was found that lag time is not necessarily impacted by rainfall depth, 
event duration or ADWP, as no substantial trends between these storm characteristics and 
lag time were revealed during the analysis. It was, however, observed that lag time is 
significantly lowered during rainfall depths greater than 40 mm and event intensities 
greater than 1 mm/hr. The general conclusion that lag time decreases with increasing 
rainfall depth and intensity is in agreement with findings reported by Berghage et al. 
(2010). 
2.3.2. The impact of drainage area on green roof hydrologic performance 
 Figure 2.6 displays observed rainfall retention, peak reduction and lag time for 
each of the three green roofs studied, divided into small (<20 mm rainfall depth), medium 
 31 
(20-40 mm rainfall depth), and large events (>40 mm rainfall depth). For the large events, 
only data for W118 and W115 are shown due to insufficient data for a statistical analysis 
of the behavior of Mudd during larger storms. For a full range of summary statistics 
readers can refer to the Appendix section, Table A2. 
Regarding rainfall retention, W118 and W115 displayed similar responses for 
small and medium events – average retention of 81% and 46% respectively for W118, 
and 89% and 52% respectively for W115 – while W115 had higher retention for large 
events, with an average retention of 43% versus 25% for W118. This could, in part, be 
due to differences in the number of larger events experienced by the two roofs; because 
of its location, the W115 roof experiences a rain shadow effect from adjacent buildings, 
thus it is generally exposed to lower magnitude, shorter duration storms than the W118 
roof which is not shielded by other buildings (see Figure 2.1). The Mudd test box had 
lower rainfall retention than the other two roofs during small events, and, on average, 
comparable retention (46%) for the medium events. The limitations with data from this 
site will be discussed in Section 2.3.4.  
 As illustrated by Figure 2.6, reduction in peak runoff displays the strongest 
relationship to green roof scale. Figure 2.7 displays that relationship in the context of 
average peak reduction versus actual roof drainage area. Generally, as green roof scale 
increases, the peak reduction also increases, especially for small and medium events. The 
range of observed peak reductions also decreases as roof area increases. The three green 
roofs differ in the average distance water needs to travel in the drainage mat to the roof 
drain, where peak discharge is measured. Although prior work published by Bengtsson 
(2005) reported no relationship between peak discharge and roof drainage length, work 
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by Vesuviano and Stovin (2013) demonstrates a clear relationship between drainage 
length and peak discharge for green roof drainage layers, with peak discharge decreasing 
as drainage length increases, which is supported by this work. 
 
Figure 2.6. Observed rainfall retention, reduction in peak rainfall and lag time between peak rainfall and 
peak runoff for the three green roof sites for (A) small events (<20mm), (B) medium events (20-40mm), 
and (C) large events (>40mm). *Mudd not included because only one large event was recorded during the 
study period. Table A2 provides summary statistics for this figure. 
 
 Lag time between peak rainfall and peak runoff for the W118 roof ranged 
(considering 25th to 75th quartiles, and exclusive of lower and upper bounds and finite 
outliers) from 0.2 to 1.6 hours for small events, 1.4 to 4.2 hours for medium events and 
0.1 to 0.2 hours for large events, while W115 had lag times between 0.1 and 3.2 hours for 
small events, 0.5 and 10.4 for medium events, and 0 to 0.1 for large events. For the Mudd 
roof, lag time for small events ranged from 0.4 to 1.1 hours and for medium events from 
0.8 to 2.5 hours. As might be anticipated, large events yielded the shortest lag times for 
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the two full-scale roofs. In addition, the Mudd roof displayed shorter relative lag times 
across the small and medium events, which is to be expected given its much smaller 
drainage area.  
 
Figure 2.7. Mean peak reduction for different green roof drainage areas for small (< 20mm), medium (20 – 
40mm) and large (> 40mm) rainfall events. Note that there were not enough large events to define a mean 
for the smallest roof size. 
2.3.3. Comparisons of observed and modeled green roof performance  
 Figures A1 to A3 in the Appendix compare HYDRUS predictions with 
observations of rainfall depth, peak runoff rate and time to peak runoff, respectively; 
Table A3 provides a detailed summary of the modeling results. Figure 2.8 displays 
simulation hydrographs from representative events for each roof. 
For the event based modeling, HYDRUS-1D captured best the W118 performance 
for all storm categories and the W115 performance for medium and large events. 
Prediction of the performance of Mudd improved with the total rainfall depth during a 
storm, but was generally not well captured. These findings could be related to the 
influence of system heterogeneity with spatial scale. For smaller roofs, system 
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heterogeneities, such as the existence of preferential flow paths, will exert greater 
influence on overall water flow patterns than for larger roofs. Thus, the hydrologic 
applicability of a model that assumes uniform system properties, as was the case for the 
HYDRUS simulations presented here, could reduce with smaller spatial scale.  
 
 
Figure 2.8. The hyetograph and corresponding observed and simulated hydrographs for selected event 
based models of the investigated green roof sites. The plots are divided into (A) small events (<20mm), (B) 
medium events (20-40mm), and (C) large events (>40mm). 
 
 
Except for rainfall events of 2 mm or less, HYDRUS-1D over-predicted the total 
depth of runoff for all three roofs (Figure A1), with the absolute error in prediction 
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increasing with the event size. Hilten et al. (2008) also observed that HYDRUS appears 
to over-predict for large storm events, but report better agreement between HYDRUS and 
observed total runoff for storms of 20 mm or less. Individual events modeled with 
HYDRUS in a study by Palla et al. (2012) indicated a mixed bias, with some green roof 
runoff volumes being over-predicted and others under-predicted with a range of PBIAS 
(referred to in their paper as relative percent difference) of -13% to 28%.  
With respect to peak runoff rate (Figure A2): HYDRUS-1D over-predicted peak 
runoff for W118 for all storms, but one, and under-predicted peak-runoff for Mudd for all 
storms but one. Over all of the storm categories, the peak runoff rate was most accurately 
predicted for the mid-sized roof, W115. As per the discussion above, peak runoff 
displayed the strongest relationship to green roof scale. Thus, differences between the 
accuracy of the HYDRUS predictions for the different roof sizes are to be expected, 
especially since the HYDRUS predictions do not account for water flow in each green 
roof’s base drainage mat. Nonetheless, given this, it might also be expected that 
HYDRUS would best predict the peak runoff rates observed at the Mudd site. The fact 
that the behavior of the Mudd system was not well captured by HYDRUS is attributed to 
the greater influence of system heterogeneity on green roof behavior at small spatial 
scales, as discussed above. Specifically, the under-prediction of observed peak runoff 
could indicate the existence of influential preferential pathways in the Mudd set-up. For 
the largest W118 roof site, it is believed that the over-estimation of peak runoff rate is 
explained by a reduction in peak runoff rate with travel time in a green roof’s under-
drain, which becomes more notable as roof size increases.  
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In general, time to peak runoff is well predicted for all storm categories across all 
green roof scales (Figure A3). For Mudd, the largest difference between the observed and 
predicted time to peak occurs when HYDRUS over-predicts the time to peak, which 
again might indicate the influence of preferential pathways in Mudd. For W118, the 
converse is true, with the greatest difference between observed and predicted time to peak 
occurring when HYDRUS under-predicts time to peak. Although this difference is not 
large, it could be related to the travel time in the roof’s under-drain slowing the arrival of 
the peak in the real system, but not the modeled system.  
Finally, Figure 2.9 shows variation of NSE, RSR and PBIAS with total rainfall 
depth for the predicted versus observed results. Generally, the event based models had a 
positive PBIAS for the total runoff depth when compared with observed values, 
translating to model over-prediction of runoff; however, this bias decreased as rainfall 
depth increased. Similarly, the model performance improved as the roof system drainage 
area increased. The W118 roof had the highest overall performance indicators with an 
average NSE value of 0.49, RSR value of 0.51and PBIAS of 21% based on all modeled 
events, W115 followed with an average NSE of 0.16, RSR of 0.84, and PBIAS of 71%, 
while Mudd had the poorest performance of the three with an average NSE of -0.45, RSR 
of 1.45 and PBIAS of 111% (see Table A3). Based on the modified hydrologic model 
performance criteria recommended by Moriasi et al. (2007), 10 modeled events from the 
W118 roof, 7 from the W115 roof and zero from the Mudd test box performed 
sufficiently, as these events were the only ones to satisfy the thresholds set by the two 
statistics, NSE and RSR (see Table A3). With the exception of one event from the W115 
roof and one event from Mudd, the models that under-performed were all simulations for 
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rain events of less than 20 hours. One reason for this is that initial boundary conditions 
play a larger role in overall model performance for shorter duration events than they do 
for longer ones, thus if actual substrate saturation conditions before a rain event differ 
from the estimated or assumed value, the model is likely to produce higher or lower 
runoff than is observed. Although the influence of preferential pathways in the different 
roofs is believed to be contributing, in part, to the error in runoff depth predictions as 
drainage area decreases, another contributing source of error may be the lack of actual 
substrate moisture observations for the W115 and Mudd sites, as these sites also had the 
poorest performing models. Limitations due to the lack of reliable observed saturation 
conditions for the W115 and Mudd sites are discussed below. 
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Figure 2.9. Variations of NSE, RSR and PBIAS with total rainfall depth, as calculated for predicted versus 
observed total runoff depth. The vertical dashed-dotted lines separate the storm size categories for (A) 
small events (<20mm), (B) medium events (20-40mm), and (C) large events (>40mm). The horizontal 
dashed lines indicate statistic threshold limits. 
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2.3.4. Study limitations 
 One limitation to this study is the small number of available storms for the Mudd 
site. Although the data that are available enabled the comparison of general response 
patterns across the different green roof drainage areas, particularly for the small and 
medium sized events, a greater number of observations from the Mudd test box would 
increase the robustness of the conclusions. Similarly, a greater number of observations of 
large events (those greater than 40 mm in total depth) across all study sites would shed 
light on green roof performance for the three roof scales during more severe storms.  
 Because an aim of this study was to assess the capacity of the HYDRUS-1D 
model to predict the hydrologic behavior of the same green roof system installed at 
different spatial scales, the hydraulic parameters used in HYDRUS were obtained from 
independent laboratory measurements, which were then assumed to be universally 
applicable at each field site. In practice, due to system heterogeneities, differences 
between laboratory and field measurements of hydraulic properties might be expected, as 
well as differences across the three roof sites themselves. This also extends to the choice 
of 50 mm average depth, which was selected in order to better represent the variations in 
the measured thickness of the substrate. An extension of the work to include a sensitivity 
study of model results to variability in the hydraulic input parameters would provide 
further insight on this.   
Finally, although the use of average versus actual substrate saturation conditions 
as an initial boundary condition for the HYDRUS predictions was associated with an 
error of 5% or less for predictions of the W118 site (see Section 2.4.1), it is believed that 
this assumption may be leading to additional error for the W115 and Mudd predictions. It 
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is therefore recommended that future modeling efforts using HYDRUS include, where 
possible, actual observations of substrate saturation prior to a storm as an input 
parameter. 
2.4. Conclusions and Recommendations 
Green roofs have the potential, if implemented on a wide scale and with proper 
foresight, to become an important component of future urban water management 
infrastructure. As a result, research on green roof hydrological behavior has been rapidly 
growing over the past decades. Recent studies report the effectiveness of green roof 
systems in reducing and delaying runoff generation during rainfall events, in the context 
of different climate conditions and design types. However, many studies to date have not 
addressed the impact of spatial configuration on green roof hydrology, which is believed 
to be an important design consideration. This research aimed to quantify how rainfall 
characteristics and green roof size (i.e. drainage area) impact the hydrologic performance 
of the same extensive green roof system implemented at different spatial scales. It also 
explored the applicability of a one-dimensional infiltration model, HYDRUS-1D, in 
predicting shallow and extensive green roof hydrologic behavior at different spatial 
scales.    
From measurements at the three field sites it is concluded that rainfall depth and 
event duration have the greatest influence on overall green roof rainfall retention and 
peak runoff reduction per unit rooftop area, with rainfall intensity and antecedent dry 
weather period (ADWP) having little influence on the aggregate performance of the 
green roof systems studied. The finding that green roof retention and peak reduction 
generally decrease as rainfall volume increases agrees with previous studies. However, 
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the findings regarding ADWP and rainfall intensity differ from prior reported results. It is 
hypothesized that the influence of ADWP and rainfall intensity on green roof 
hydrological performance are dependent on individual storm characteristics as well as 
conditions influencing green roof evapotranspiration; thus these two parameters are not 
always primary indicators of an extensive green roof’s aggregate performance. Finally, a 
decrease in runoff lag time with increasing rainfall depth and intensity for storms with 
rainfall depths greater than 40 mm and event intensities greater than 1 mm/hr was 
observed. Others have also reported that lag time decreases with rainfall depth and 
intensity. 
Based on observations from three green roof systems with drainage areas 
spanning from 0.09 m2 to 310 m2, it is found that drainage area has the largest effect on 
the peak reduction of runoff per unit rooftop area, with peak runoff reduction increasing 
as green roof scale increases. The overall rainfall retention performance of the green 
roofs studied was not affected by scale. The average runoff lag time did increase with 
green roof scale, but not significantly.    
  Only 17 out of the 38 HYDRUS-1D simulations of storm events met the 
statistical performance criteria. This is believed, in part, to be due to the lack of observed 
substrate moisture conditions at two of the sites, W115 and Mudd, which led to the 
assumption of an initial average moisture condition at these sites of 10% based on the 
average observed value at W118. In particular, this assumption is believed to explain 
some of the discrepancy between model output and observations on W115 and Mudd for 
short duration storms, whose modeling is more sensitive to initial substrate saturation 
than longer duration storms. Another issue believed to contribute to poor model 
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performance is that of scale and green roof heterogeneity, whereby system heterogeneity 
has a greater influence on green roof hydrologic behavior as drainage area decreases. 
Notably, HYDRUS-1D generally performed better as drainage area increased, with 
simulations of Mudd showing the poorest performance out of the three sites studied. 
Almost all of the HYDRUS simulations had a positive bias for runoff depth, where runoff 
was over-predicted. Peak runoff rates were underestimated for the green roof with the 
largest drainage area and under-estimated for the smallest installation. This observation 
was attributed to the influence of spatial heterogeneity in small green roof installations 
and travel time in a roof’s under-drain in larger installations on observed peak runoff 
rates that are not accounted for in the model.  
From the work presented in this paper it is concluded that green roof scale and 
configuration are important determinants of green roof hydrologic performance and 
should be considered during future planning and modeling efforts. This study has also 
revealed that a one-dimensional infiltration model, in order to capture event-based 
dynamics for a shallow, stratified and highly conductive green roof layer needs field 
specific data, such as substrate saturation conditions. Future modeling efforts should 












The Soil Water Apportioning Method (SWAM): An approach for 




Abstract – As cities increasingly adopt green infrastructure strategies to combat water management 
challenges, there is a growing need to develop cost-effective approaches for the long-term monitoring 
and performance evaluation of these systems. In this study, a water balance approach – termed the Soil 
Water Apportioning Method (SWAM) – was developed to enable economic assessment of the long-
term, hydrologic performance of green roofs, an important component of many urban green 
infrastructure strategies. SWAM provides estimates of green roof runoff and evapotranspiration based 
solely on measurements of local precipitation, substrate moisture, and the substrate maximum water 
storage capacity. To validate the approach, SWAM generated values of runoff and ET were compared 
with 30-months of runoff and ET data obtained from an extensive, vegetated mat system located in 
New York City. Accurate runoff and ET estimates were obtained using as few as one substrate 
moisture measurement per day, although various other data logging frequencies were tested, with best 
results achieved with data logged every 6 to 24-hours (NSEs of 0.85-0.91 and 0.73-0.78, for runoff and 
ET respectively). A study of the variance of SWAM runoff and ET estimates based on the location of 
the substrate moisture reading also indicated that accurate estimates could be obtained using only one 
soil moisture sensor per green roof drainage area, provided the sensor location is chosen with care. For 
further validation, SWAM-generated runoff values were compared to 14 months of runoff data 
obtained at two other extensive green roof sites located in New York City, one a built-in-place system 
and the other a modular tray system. Overall, results from this study indicate that SWAM provides a 
viable, low-cost approach for the widespread monitoring of green roof hydrologic performance with 
nominal instrumentation and implementation costs. 
 
Graphical Abstract – Graphical illustration of SWAM’s algorithm. SWAM generates runoff (Q) and 
ET based on 3 conditions during any time period (t) from 1 to 24 hours: 1) no precipitation (P), 2) soil-







 It is projected that 66% of the world’s population will be urban by 2050, and 
already today over half of the globe, including 82% of North Americans, are living in 
urban areas (United Nations, 2014). These trends place severe demands on existing 
centralized water management systems and create new challenges for areas being 
affected by urban sprawl, where naturally pervious land is rapidly being replaced by 
impervious built surfaces. By inhibiting the infiltration of rainwater into the sub-surface, 
impervious areas modify the natural hydrologic response; resulting in greater surface 
runoff than would have been experienced during a pre-urbanization period. While many 
cities have been designed to handle this additional runoff with a network of underground 
pipes and sewers, the capacity of these systems is becoming increasingly overwhelmed, 
leading to problems with flooding and water pollution when stormwater spills into streets 
and local water bodies. More and more, emphasis has been placed on incorporating non-
traditional stormwater management tools, such as green infrastructure, into urban spaces 
to help combat issues with flooding and water pollution. In New York City alone, the 
Department of Environmental Protection is planning to invest $2.4 billion over the next 
20 years in new green infrastructure installations, which are projected to be in the 
thousands (Bloomberg and Lloyd, 2013).  
 Vegetated, or green roofs, in particular, have gained popularity as a subset of 
green infrastructure for stormwater management that could be implemented in dense 
urban environments where land availability is scarce.  Conventional green roofs are 
composed of an engineered soil substrate planted with drought tolerant vegetation, and 
are underlain by a drainage layer that allows for vertically infiltrated rainwater to be 
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transported toward the roof drain. Green roofs are classified as either extensive (<150 
mm depth substrate) or intensive (>150 mm depth substrate) (Carson et al., 2013) based 
on their substrate thickness; the use of one type over the other is most often dependent on 
cost and rooftop weight restrictions. Due to their lower cost, maintenance requirements, 
and weight per unit area, extensive green roofs are more widely implemented in 
established urban areas. As such, the validation of the method presented in this study 
focused on data from three common extensive green roof systems, namely the vegetated 
mat, built-in-place and tray systems, respectively (Carson et al., 2013).  
 The performance monitoring of green infrastructure, such as green roofs, is an 
essential component of assessing the functionality and effectiveness of green 
infrastructure stormwater controls, and guiding future planning, implementation and 
maintenance efforts (Bloomberg and Strickland, 2012). Numerous studies have 
quantified a green roof’s ability to reduce stormwater runoff based on model or full-scale 
green roof monitoring. Monitoring studies typically employ a water balance approach, 
where the water fluxes going into and out of the system are measured. For most green 
roofs, rainfall determines the inlet flux while runoff and evapotranspiration (ET) 
determine the outlet fluxes. While the monitoring of rainfall can be easily achieved using 
a commercial rain gauge, the monitoring of runoff and ET are more challenging. In 
previous studies, runoff from model-scale green roofs has been measured using weighing 
lysimeters or tipping buckets (Van Spengen, 2010; VanWoert et al., 2005), while for full-
scale green roofs runoff has been measured using a variety of custom-made weir devices 
coupled with a known or calibrated depth-runoff relationship (Carson et al., 2013; Carter 
and Rasmussen, 2006; Fassman-Beck et al., 2013; Simmons et al., 2008). Direct 
 46 
measurements of ET for model-scale green roofs have also been made using weighing 
lysimeters (ex. Digiovanni et al., 2013) and more recently with atmospheric enclosure 
chambers on full-scale green roofs (ex. Coutts et al., 2013; Marasco et al., 2014). 
Although the monitoring of full-scale roofs is believed to better capture the dynamics of 
their hydrology, obtaining reliable, continuous data on roof runoff and ET performance 
has proven to be challenging (Carson et al., 2013; Fassman-Beck et al., 2013). 
Furthermore, the cost and labor requirements for custom designed, calibrated and 
maintained monitoring systems can inhibit their large-scale implementation.  
 Efforts have also been made to model extensive green roof stormwater 
performance using various hydrologic modeling platforms. Physically based models such 
as EPA’s SWMM, SWMS-2D, HYDRUS 1-D, and PROM have been successful in 
predicting green roof hydrologic behavior (Alfredo et al., 2010; Hilten et al., 2008; Palla 
et al., 2009; Sun et al., 2013), but require calibration parameters and site and soil specific 
information that can be difficult to obtain or measure (Hakimdavar et al., 2014). Simpler 
and less data intensive conceptual water balance models have also been developed to 
predict green roof runoff, ET and water storage. Table 3.1 provides a summary of these 
models, which, in addition to rainfall, have used a number of different parameters for 
their analyses, including potential or actual ET, dew, and certain roof and soil specific 
routing parameters. The less intensive data requirements of the water-balance models 
presented in Table 3.1 is encouraging for the development of cost-effective protocols for 
widespread evaluation of green roof performance. Specifically, the simpler models 
present opportunities for surrogate based monitoring on the basis of a minimal amount of 
physically measured data.   
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Table 3.1. Summary of previous water balance models used to predict green roof hydrologic performance 
parameters. Columns from left to right identify the name of the model, the model prediction outputs, model 
inputs, simulation time-scale and the associated publication. ‘N/A’ is used for models that did not have a 











1. Rainfall, 2. Field capacity, 3. 
Wilting point, 4. Daily water 
storage capacity 
Daily 






1. Rainfall, 2. Potential ET, 3. Roof 
characteristics (orientation, slope, 
area) 
Daily 





1. Rainfall, 2. Actual ET, 3. 
Maximum water holding capacity 
Daily 
(Berghage et al., 
2007) 
SGRR Runoff 
1. Rainfall, 2. Actual ET, 3. Dry 
weather period 
6 - 60 min 
(Berghage et al., 
2007) 
N/A ET 
1. Soil moisture or weighing 
lysimeter data 
Daily 
(DiGiovanni et al., 
2010) 
N/A Runoff 
1. Rainfall, 2. Field capacity, 3. 
Wilting point, 4. Two roof specific 
routing parameters 




1. Rainfall, 2. Dew, 3. Potential ET, 
4. Hygroscopic saturation, 5. Soil 
water content at stomatal closure, 6. 
Crop coefficient, 7. Maximum 
water holding capacity, 8. Field 
capacity 
Daily 
(Sherrard and Jacobs, 
2012) 
N/A ET 
1. Soil moisture, 2. Irrigation 
information 




1. Rainfall, 2. Potential ET, 3. Crop 
coefficient, 3. ET reduction factor, 
4. Two roof specific routing 
parameters 
Any (Locatelli et al., 2014) 
N/A ET 
1. Soil moisture, 2. Field capacity, 
3. Crop coefficient, 4. Potential ET  
Daily (Berretta et al., 2014) 
 
The goal of this study was to develop and validate a cost-effective method for 
assessment and monitoring of the hydrologic performance of green roofs. Utilizing 
findings from previous green roof monitoring and modeling studies, this study presents a 
water balance based monitoring and hind-cast modeling approach, termed the Soil Water 
Apportioning Method (SWAM), to estimate green roof runoff and evapotranspiration 
based solely on measurements of local precipitation, substrate moisture and the substrate 
maximum water storage capacity. In the sections below, the development of SWAM is 
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presented, followed by a description of the three instrumented extensive green roof sites, 
all located in New York City, that were used for validation of the method. Results from 
SWAM are then compared with runoff observations and ET values obtained via a 
modified form of the Soil Moisture Extraction Function model for the green roof site with 
the longest record of data; a vegetated mat system. This comparison includes an 
assessment of the optimum data collection frequency, referred to as the SWAM 
estimation time-step, an investigation of sources of error for the SWAM generated runoff 
and ET values, and an appraisal of how soil moisture sensor location impacts SWAM 
runoff and ET estimations.  Next, SWAM runoff estimates are further validated using 
recorded data from the two other green roof sites; one a built-in-place system and the 
other a modular tray system. Finally, the potential of SWAM as an effective, and 
resource-efficient, approach for wide-scale green roof monitoring is discussed.  
3.2. SWAM description and validation 
3.2.1. Back-end modeling framework and assumptions 
 Soil (or substrate) water balance for non-irrigated extensive green roofs can be 
described by the following simplified expression (Hilten et al., 2008): 
ΔS = P −  Q −  ET [3.1] 
where ΔS [L] is the change in soil water storage, and P [L], Q [L], and ET [L] are the 
precipitation, runoff per unit area, and evapotranspiration, respectively. Note, for the 
duration of the paper, green roof substrate moisture content will be referred to as soil 




 Equation [3.1] can be adapted to represent a specific time-step, Δt, viz: 










where St is the available soil water storage capacity at the end of the time-step and St-1 is 
the available soil water storage capacity at the start of the time-step, Pi, Qi and ETi are the 
precipitation, runoff per unit area and ET during the time-step, respectively, and n is the 
number of observations during the time-step.  
 Equation [3.2] can then be re-written, for simplicity, to reflect only totals at the 
end of the time-step, Δt, such that: 
S𝑡−1 − S𝑡 =  𝑃𝑡 − 𝑄𝑡 − 𝐸𝑇𝑡 [3.3] 
where the terms on the right hand side of the equation represent summations of all 
observation points during the time-step, Δt. 
 
To estimate runoff and ET for a given time-step, SWAM makes two basic 
assumptions. First, SWAM supposes that ET is negligible during periods of rainfall. 
Following findings from Bengtsson et al. (2004), SWAM also assumes that runoff on a 
green roof will not occur until the substrate’s water content reaches the roof’s maximum 
water storage capacity, Smax [L] (DeNardo et al., 2005). The green roof manufacturer 
typically provides values for the maximum water storage capacity of a green roof.  
SWAM obtains values for the available soil water storage capacity of the green 
roof substrate at the beginning of each time-step, St-1 [L], from readings of green roof soil 
moisture, θ, viz: 
𝑆𝑡−1 =  S𝑚𝑎𝑥 − (S𝑚𝑎𝑥 x 
𝜃𝑡−1
𝜃𝑚𝑎𝑥
)  [3.4] 
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where θt-1 is the soil moisture reading at the beginning of each time-step and θmax is soil 
moisture reading at S𝑚𝑎𝑥. Note that 𝜃𝑡−1 = 0 is associated with the driest observed field 
conditions. The available soil water storage capacity at the beginning of each time step, 
St-1, determines the amount of rainfall that can be stored in the substrate before runoff 
occurs. 
 Based on Equation [3.3] and the assumptions noted above, SWAM uses the 
following algorithms to calculate Qt and ETt during any one time-step: 
𝑖𝑓 𝑃𝑡 = 0:  𝑄𝑡 = 0, 𝐸𝑇𝑡 = 𝑆𝑡−1 − 𝑆𝑡 [3.5] 
𝑖𝑓 𝑃𝑡 > 0 &𝑃𝑡 ≤ 𝑆𝑡−1:  𝑄𝑡 = 0, 𝐸𝑇𝑡 = 0 [3.6] 
𝑖𝑓 𝑃𝑡 > 0 &𝑃𝑡 > 𝑆𝑡−1:  𝑄𝑡 = 𝑃𝑡 − 𝑆𝑡−1, 𝐸𝑇𝑡 = 0 [3.7] 
Figure 3.1 provides a flow-chart description of SWAM, including data inputs. 
Note, that in cases where the green roof is not irrigated (as is the case for all of the green 
roofs in this study), if water gain is present during dry periods where ET is generated, 
resulting in a negative value for ET, ET is set to zero.  
It is important to note that SWAM is not explicitly a predictive hydrologic model, 
in that it cannot make predictions of green roof runoff based on specified design storms 
without the availability of recorded soil moisture data. Instead, SWAM is an approach 
that uses a simplified water balance model to enable hind-cast predictions of green roof 
runoff and ET based on measured values of soil moisture and rainfall, and a knowledge 





Figure 3.1. SWAM algorithm for calculating green roof runoff and evapotranspiration. Note, Pt, Qt and ETt 
represent the total summations over each time-step, Δt. 
 
3.2.2. Validation sites and data 
3.2.2.1. Validation of runoff 
SWAM generated runoff values were initially validated using monitored runoff 
data from a custom designed weir placed in the drain of an extensive, full-scale, 
vegetated mat green roof located in New York City, herein referred to as W118. A 
comparison of SWAM-generated runoff values with observations from two other 
extensive green roof types in New York City, namely a built-in-place system, termed 
USPS, and a modular tray system, termed ConEd, was then undertaken to explore the 
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applicability of SWAM across a range of extensive green roof types. Table 2 provides an 
overview of the characteristics of the W118, USPS and ConEd extensive green roofs used 
for SWAM validation, while Figure 3.2 illustrates their spatial locations and relevant 
features. Soil moisture data from the CS615 Campbell Scientific water content 
reflectometers installed on the W118 and ConEd green roofs, and the Onset EC5 SMC-
005 soil moisture sensor installed on the USPS green roof, were all soil temperature 
corrected before use by SWAM using the recommended procedures by Campbell 
Scientific (1996) and Cobos and Chambers (2010), respectively. A detailed description of 
the instrumentation and data-loggers installed on each roof, as well as the adopted 
calibration and data collection protocols, is provided in Culligan et al. (2014). All 
measured parameters, including rainfall, runoff, and substrate moisture, were sampled 
every minute and recorded as 5-minute averages. The runoff validation portion of the 
study utilized runoff monitoring data collected from 2011 to 2014. Exact dates for the 
study period of each extensive green roof are provided in Table 3.2. For SWAM 
validation purposes, data from only one soil moisture sensor per green roof was used.  
To assess the impact of soil moisture sensor location on SWAM generated values 
of runoff, nine additional EC5 SMC-005 soil moisture sensors were installed on the 
W118 green roof in June 2015. The location of these sensors is shown in Figure 3.2A. 
The sensor locations were selected to provide a range of different distances from the 





Figure 3.2. Spatial distribution of studied green roof sites in New York City with schematics of the (A) 
W118, (B) USPS and (C) ConEd roofs. The boundaries of the monitored drainage area for each roof are 
highlighted via the dotted line, alongside approximate locations for the instrumented roof drains and the 








Table 3.2. Summary of physical characteristics, study period and number of days used for analysis for each 
of the studied green roofs. *The study periods for USPS and ConEd roofs contain gaps due to periods of 
instrumentation malfunction and runoff weir re-calibrations. **Total number of days excludes the winter 
months of December, January and February. 1Campbell Scientific, Logan, Utah, USA 2Onset Computer 
Corporation, Bourne, MA, USA 
 
Roof ID W118 USPS ConEd 
Construction Type Vegetated mat Built-in-place Modular tray 
Manufacturer Xero Flor America Tecta Green GreenGrid Roofs 
Year built 2007 2009 2008 
Total Roof Area (m2) 600 10 000 2 700 
Monitored Drainage Area 
(m2) 
310 390 940 
Vegetation type Sedum mix 










Substrate Depth (mm) 32 100 - 200 100 
Smax (mm) 12 35 - 65 32 
Study Period 06/2011 - 09/2014 08/2012 - 09/2014* 09/2011 - 09/2014* 









Total # days** 880 408 409 
# Days rainfall recorded 265 117 131 
 
3.2.2.2. Validation of ET  
 Because direct measurements of green roof ET were not undertaken at the green 
roof sites during the same period that runoff was monitored, SWAM generated ET values 
for the roof with the longest record of monitored data, W118, were validated using a 
modified form of the Soil Moisture Extraction Function (SMEF) model (Zhao et al., 
2013). The SMEF model was adapted and used by Stovin et al. (2013) and Berretta et al. 
(2014) to predict ET from green roofs in the U.K.. The adapted model was used in this 
study to calculate what will be referred to as SMEF ET: 
SMEF ET =  PET [
𝜃𝑡
𝜃𝑚𝑎𝑥
] 𝐾𝑐 [3.8] 
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where Kc is the crop coefficient and PET is potential evapotranspiration. The cited papers 
can provide further justification for the applicability and accuracy of the adapted SMEF 
model in predicting green roof ET.  
Hourly potential evapotranspiration was calculated using the Penman-based 
American Society of Civil Engineering Standardized Reference Evapotranspiration 
(ASCE ETref) equation and parameterized with available climate data from the W118 
roof. A crop coefficient of 1.35 was used based on average reported findings from two 
years of data gathered by Shalikaran et al. (2011) from a study of green roof 
evapotranspiration in Pennsylvania, which shares  a similar climate region to New York 
(Karl and Koss, 1984).  
3.2.2.3. Study period exclusions 
 Winter months, including December, January and February, were not considered 
in the comparative analysis between SWAM estimated runoff and monitored runoff in 
order to exclude runoff due to snowmelt. Further, in order to reduce soil moisture reading 
biases due to the sensitivity of the soil moisture sensor’s to near freezing conditions, 
time-steps with these conditions, defined as periods where soil temperatures dipped 
below 5 degrees Celsius, were also excluded from the study. The exclusion of winter 
months from multi-year green roof hydrologic monitoring studies is not atypical (ex. 
Carson et al., 2013).  
During all rooftop runoff-monitoring campaigns, debris occasionally collected in 
the weir devices, causing water buildup that resulted in runoff exceeding the recorded 
precipitation. To account for this issue, storm events that resulted in measured runoff 
exceeding measured precipitation were also excluded from the analyses. 
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3.2.3. Validation process 
 To explore whether the choice of time-step impacts SWAM’s ability to provide 
accurate estimates of green roof runoff and ET, SWAM was run at time-steps, Δt, of 1, 3, 
6, 12, and 24-hours, respectively, using the W118 data. In a physical sense, these time-
steps represent the sampling and/or logging frequency (ex. Δt = 1 hr translates to one 
recorded measurement of soil moisture and rainfall per hour). Although data used in this 
study was recorded at 5-minute intervals, for each time-step considered the soil moisture 
reading at the end of the time-step, and not the averaged value during the time-step, was 
utilized. In order to compare runoff estimates from SWAM to runoff measured with the 
W118 weir, direct measurements of green roof runoff were normalized to a 1 m2 area and 
individual storm events were separated using an inter-storm dry period of 24-hours, with 
measured rainfall, runoff and SWAM estimated runoff summed over each event. SWAM 
estimated ET for the W118 roof during the inter-storm periods was compared with SMEF 
ET at the aforementioned different time-steps by summing values over each 24-hour dry 
period. 
 In order to investigate the sensitivity of soil moisture sensor location to SWAM 
based estimates, data from the nine additional soil moisture sensors installed on the W118 
green roof were used (see Figure 3.2A). The SWAM algorithm was run using data from 
each of the installed soil moisture sensors at a 24-hour time-step, using an inter-storm dry 
period of 24-hours to separate individual events, and an analysis was undertaken to 
investigate if sensor elevation and/ or distance to the rooftop drain biased the estimated 
runoff or ET values.  
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The Nash-Sutcliffe efficiency (NSE) index, the ratio of the root mean square error 
to the standard deviation of measured data (RSR), and percent bias (PBIAS) were used to 
evaluate SWAM’s ability to provide robust estimates of runoff and ET. Per 
recommendations from Moriasi et al. (2007), the following values were used to indicate 
acceptable performance for both runoff and ET: NSE > 0.5, RSR ≤ 0.7, and PBIAS ± 
25%.  
Further validation of SWAM’s capacity to predict green roof runoff was 
undertaken by comparing SWAM estimated runoff values with measured runoff values 
from the USPS and ConEd green roofs at time-steps, Δt, of 1, 3, 6, 12, and 24-hours, 
respectively.  
3.3. SWAM performance assessment and discussion  
3.3.1. Calculation time-step and overall performance 
 Figures 3.3 and 3.4 and Table 3.3 provide a summary of SWAM performance 
outcomes for the W118 green roof. SWAM generated runoff and evapotranspiration 
values for W118 were generally well correlated with the measured runoff and SMEF ET 
results, respectively, for all calculation time-steps/ soil moisture logging frequencies, 
with the exception of a large PBIAS for runoff at Δt = 1-hour.  
 For runoff, SWAM estimates progressively improved as the calculation time-step 
increased, with a slight decrease in performance noted for the daily time-step. The 
relatively large under-estimation bias of -50% for the 1-hourly time-step was greatly 
improved with longer processing time-steps (see Figure 3.3), although a consistent over-
estimation of several events was observed regardless of the chosen time-step.  
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 Overall, SWAM ET performance was consistently high, as all calculation time-
steps investigated were well within the acceptable performance metrics – with NSE and 
RSR values ranging from 0.73 to 0.78 and 0.52 to 0.47, respectively. An over-estimation 
bias was observed at shorter time-steps, which decreased with increasing time-step, 
eventually leading to an under-estimation of ET. The specific sources of SWAM 
predicted runoff and ET error are discussed in the proceeding two sections. 
 
 
Figure 3.3. Summary of performance statistics, NSE, RSR and PBIAS for SWAM generated runoff and 
evapotranspiration at different processing time-steps, Δt, for the W118 green roof. Highlighted areas 




Figure 3.4. SWAM generated runoff and evapotranspiration versus recorded normalized weir runoff and 
SMEF model evapotranspiration for processing time-steps, Δt, ranging from 1-hour to 24-hours for the 
W118 green roof.  
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Table 3.3. Summary statistics, NSE, RSR and PBIAS, for SWAM predicted runoff and evapotranspiration 
values for the W118 extensive green roof. Highlighted areas represent regions of acceptable SWAM 
performance. 
 
 Δt (hr) Runoff Evapotranspiration 
 
NSE (-) RSR (-) PBIAS (%) NSE (-) RSR (-) PBIAS (%) 
1 0.58 0.65 -50 0.76 0.48 14 
3 0.85 0.39 -23 0.78 0.47 8 
6 0.90 0.31 -8 0.78 0.47 5 
12 0.91 0.30 3 0.75 0.50 -6 
24 0.88 0.34 14 0.73 0.52 -9 
 
3.3.2. Sources of model error 
3.3.2.1. Runoff error 
 Shorter time-steps resulted in a higher runoff under-estimation bias due to the 
nature of the SWAM model, which assumes that runoff will not be generated until 
substrate water storage reaches the maximum water storage capacity, Smax. Thus, the 
model does not explicitly take into account time lag in the green roof runoff generation 
process. This issue reduces as the processing time-step is increased. Additionally, 
because SWAM assumes no runoff until substrate water storage reaches the maximum 
water storage capacity, small rainfall events often resulted in predictions of zero runoff 
(see Figure 3.4), whereas in reality, runoff was observed to occur at less than the 
manufacturer provided maximum water storage depth. 
 In order to better identify the source of runoff over-estimation error in the SWAM 
algorithms, SWAM was run at a time-step, Δt, of 1-hour over each Julian day during the 
study period for the W118 green roof, and these results were used to estimate cumulative 
runoff over each Julian day. The outcome of this analysis is presented in Figures 3.5 and 





Figure 3.5. Absolute error distribution of SWAM generated runoff versus measured weir runoff for the 
W118 green roof, plotted as a function of rainfall depth and intensity. Rainfall intensity was calculated as 
the maximum amount of rainfall that fell during any consecutive 3-hour period within each Julian day. The 
cumulative rainfall and runoff hydrographs for points marked with a letter A thru H are shown in Figure 
3.6.   
 
 Figure 3.5 shows the distribution of absolute runoff error as a function of total 
rainfall depth per Julian day and maximum rainfall intensity, where maximum rainfall 
intensity is defined as the greatest amount (in mm) of rainfall that falls during any 
consecutive 3-hour period for each Julian day. As illustrated, SWAM runoff over-
estimation errors generally increase with rainfall depth. However, the greatest observed 
over-estimation errors are associated with the highest-intensity rainfall events. Figure 3.6 
explores the role of rainfall depth and intensity in SWAM over-estimation error. In sub-
figures A to D, hourly SWAM generated runoff values are compared to hourly runoff and 
precipitation data for events with a similar daily runoff depth but with increasingly higher 
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rainfall intensity. In sub-figures E to H, comparisons involve events with similar rainfall 
intensity and increasingly greater rainfall depth. As shown in Figure 3.6, large SWAM 
over-estimation biases are associated with events involving a large amount of recorded 
rainfall falling in a short period of time. Under these circumstances, SWAM’s algorithms 
convert rainfall to runoff, whereas in reality it is believed that ponding occurs on a green 
roof during high intensity events, adding depression storage to the water holding capacity 
of the roof – something that SWAM does not account for. Bengtsson et al. (2004) also 
reported increased water storage capacity during more intense rain events on a green roof 




Figure 3.6. Cumulative rainfall and runoff hydrographs for selected Julian days from Figure 3.5. Sub-
figures (A) to (D) represent periods of similar rainfall volume, with progressively higher rainfall intensity 
(A being the lowest and D being the highest). Sub-figures (E) to (H) represent periods of similar rainfall 
intensity, with progressively greater rainfall volume (E being the lowest and H being the greatest).   
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3.3.2.2. ET error 
 Based on prior knowledge of green roof ET diurnal fluctuations (ex. Berretta et 
al., 2014; Marasco et al., 2014), it was expected that higher temporal resolution data, 
reflected in SWAM as shorter processing time-steps involving more frequent 
measurements of soil moisture, would provide the most accurate estimation of green roof 
ET, with performance decreasing with increasing time-step. The outcome of the ET 
analysis, however, diverged from this expected result, with SWAM estimated ET at a 
time-step of 1-hour amounting to slightly lower performance metrics than estimates 
associated with time-steps of 3 and 6-hours. To investigate the source of this error, 
SWAM and SMEF ET values were averaged across three different states of water 
availability and by season. Figure 3.7 presents average SMEF ET and SWAM ET for 
calculation time-steps of 1-hour, 6-hours and 24-hours, as a function of water availability 
(sub-figures A to C) and season (sub-figures D to F). Water availability was estimated 
based on the amount of SMEF ET, with values exceeding 1.5 mm/d signifying water-
abundant conditions, values between 0.5 mm/d and 1.5 mm/d signifying average 
conditions, and those less than 0.5 mm/d signifying water-limited conditions. Seasonal 
averages were calculated for the spring months of March-April-May (MAM), summer 
months of June-July-August (JJA), and fall months of September-October-November 
(SON), for non-water-limited days only.  
 Most of the divergence between the SMEF and SWAM ET values occurred 
during water-limited conditions, particularly at shorter time-steps. SWAM over-estimated 
ET at all processing time-steps during these conditions, although the bias decreased with 
increasing time-step. It is believed that this bias might, in part, be due to a limitation in 
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the application of the SMEF ET model for comparison during water-limited states. As 
observed by Jim and Peng (2012) in their study of an extensive green roof in Singapore, 
soil evaporation increases in dry substrates on sunny days because the thinness of 
extensive green roofs allows solar energy to heat up the entire substrate layer, driving up 
soil temperatures and leading to greater water depletion. The SMEF ET model does not 
account for this phenomenon.  
 
Figure 3.7. Average cumulative SWAM and SMEF evapotranspiration for the W118 green roof, calculated 
at three different processing time-steps for: (A) water abundant conditions when ET is greater than 1.5 
mm/d, (B) average conditions when ET is between 0.5 mm/d and 1.5 mm/d, (C) water limited conditions 
when ET is less than 0.5 mm/d, (D) spring months of March-April-May, (E) summer months of June-July-
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August, (F) fall months of September-October-November. All averages were calculated over inter-storm 
Julian days where no rainfall was recorded. Seasonal average do not include water-limited days. 95% 
Confidence Intervals (C.I.) for SMEF ET are highlighted in grey.  
 
 For water-abundant conditions, ET during the first 6-hours of the day was greatly 
over-estimated by SWAM. This bias occurred on days when a large amount of rainfall 
fell a short time before the start of the dry Julian day over which SWAM ET was 
generated. Thus, as shown in Figure 3.8, the observed SWAM over-estimation bias is 
caused by continued runoff in the first few hours of the day, which the SWAM 
algorithms attribute to ET (see Equation 3.5). The bias caused by this phenomenon is 
greatest at a calculation time-step of 1-hour. This issue could be overcome by re-writing 
Equation 3.5 such that the SWAM ET calculation is disabled until several hours 
following precipitation. Besides this divergence, SWAM ET during average and water-
abundant conditions displayed similar behavior, with an over-estimation bias during the 
mid-day hours and generally good agreement in the total amount of incurred ET at the 
end of the day, except at a time-step of 24-hours which, on average, under-estimated ET. 
The under-estimation bias at the daily time-step is attributed to the inability of SWAM to 
capture the diurnal pattern of ET using this time-step.  
 Comparative analyses for seasonal averages of non-water-limited ET indicated 
that the largest under-estimation bias for 24-hour processing time-steps occurred during 
spring. This is mainly due to the large temperature fluctuations experienced in New York 
City during the months of March, April and May, which can lead to large fluctuations in 
available moisture throughout any 24-hour period. The seasonal behavior of green roof 
ET was, otherwise, well captured by SWAM, which provided the highest ET estimates in 
the summer months followed by the spring and fall months.  
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Figure 3.8. Comparison of SWAM and SMEF evapotranspiration calculated at hourly time-steps on two 
sample Julian days immediately following a large rainfall event. Weir recorded runoff is shaded in grey. In 
sub-figure (A) peak rainfall occurred 5-hours prior to SWAM ET generation on 19-Aug-2011 and in sub-
figure (B) peak rain occurred 11-hours prior to SWAM ET generation with a smaller peak recorded 5-hours 
prior to SWAM ET generation on 15-Jul-2014. Since ET was only compared on dry Julian days, ET on 
days where rainfall was recorded was set to zero.   
 
3.3.3. Location of soil moisture sensors  
 Figure 3.9 displays trends in SWAM estimated runoff and ET on W118 for the 
nine, spatially distributed EC5 sensors installed on the roof in June 2015 (see Figure 
3.2A) for the months of June, July and August 2015; during this period five runoff 
generating storms were recorded.  
SWAM estimated runoff versus rainfall depth at each of the nine EC5 sensors is 
compared to a linear regression of SWAM estimated runoff versus rainfall depth obtained 
from the original CS615 sensor in Figure 3.9A. For all five storms, the runoff estimates 
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obtained from each of the nine EC5 sensors fell within the 95% confidence interval of the 
estimate obtained from the single CS615 sensor. Nonetheless, there was variability 
between the runoff estimates of the individual EC5 sensors, which was caused by 
differences in the recorded value of θt-1 (the soil moisture at the start of each storm) 
between the sensors. The magnitude of these differences was found to be a function of 
both the antecedent dry weather period (ADWP) prior to a storm, and sensor location.  
In Figure 3.9B, the variance in SWAM estimated runoff at each sensor, defined as 
the estimated runoff at the sensor minus the average of estimated runoff from all sensors, 
is shown as a function of ADWP. As displayed, the overall variance in estimated runoff 
decreased as the ADWP increased. This is because longer ADWPs allowed time for the 
green roof substrate to drain to field capacity (θt-1 = 0) at most locations, which 
minimized differences in θt-1 between the sensors. For shorter ADWPs, the green roof 
substrate was still undergoing drainage from the prior storm, so θt-1 varied with location.  
Figure 3.9C shows SWAM estimated runoff variance as a function of sensor 
elevation for storms which had relatively short (< 3 days) ADWPs during June, July and 
August, 2015, and storms which had longer (> 3 days) ADWPs during June, July and 
August, 2015. Trends with sensor distance to the roof drain were similar, so are not 
shown. As seen, the SWAM estimated runoff was lowest at the two sensors located at the 
highest elevations in the monitored watershed for storms with shorter ADWPs. This is 
because water routing led to a lower θt-1 at these sensor locations than those located 
further downstream in the drainage area. Hence, SWAM estimated a greater substrate 
storage of rainfall depth at these two sensors, and thus less runoff. The over-estimation of 
runoff at the sensor located at an elevation of 97.5m was found to be associated with a 
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local rooftop depression at this point, which led to water ponding after a storm, and hence 
higher than average values of θt-1 for the smaller ADWPs. For all of the other six sensors, 
overall estimated runoff variance was within +/- 1mm, which is considered acceptable. 
For the storms that had longer ADWPs, SWAM estimated runoff variance was within +/- 
0.5 mm for all nine sensors. 
 
 
Figure 3.9. (A) SWAM runoff from individual soil moisture sensors on the W118 green roof versus 
rainfall depth. The linear regression line and 95% confidence intervals of the original data from the W118 
green roof SWAM predictions using the CS615 soil moisture sensor are displayed for reference. 
(B) Variance of runoff from individual sensors from mean runoff per rainfall event versus Antecedent Dry 
Weather Period (ADWP). (C) Variance of SWAM runoff from individual sensors from mean runoff per 
rainfall event versus roof elevation at the sensor, binned for two different ADWP conditions. (D) Variance 
of SWAM ET from individual sensors from mean ET versus roof elevation at the sensor, binned for two 
different ADWP conditions. Note that boxplots in (A) and (B) have been modified to show predictions 




Figure 3.9D shows SWAM estimated ET variance as a function of sensor 
elevation. Because SWAM estimated ET is related to change in soil moisture content, 
rather than absolute values of soil moisture content, there was less variability in estimated 
values between sensor locations. The variance in estimated ET is within +/- 0.5 mm at all 
nine sensor locations for both ADWP conditions, which is considered acceptable. 
Based on the comparative analysis above, it was concluded that SWAM runoff 
and ET estimates based on data acquired from one soil moisture sensor can be adequate 
for many performance monitoring applications, provided the sensor location is chosen 
with care. To reduce biases that might exist due to local rooftop heterogeneities and 
rooftop elevation, which most impact SWAM runoff estimates, soil moisture sensors 
should optimally be placed at mid-elevations in a green roof monitored drainage area, and 
in areas where local ponding would likely not occur. Although not a problem on the 
W118 roof, areas that receive above average exposure to sunlight or shading should 
probably also be avoided, to reduce potential bias in SWAM ET estimates.   
3.3.4. Reproducibility of runoff results 
 In order to test the reproducibility of SWAM for different extensive green roof 
types, SWAM estimated runoff values were also compared to measured weir runoff data 
from USPS and ConEd. Results for this portion of the study are summarized in Table 3.4 
and Figure 3.10.  
 The results from the USPS roof are similar to those from the W118 roof, with 
SWAM performance improving with increasing calculation time-step, and generally high 
performance achieved at calculation time-steps of 3-hours and greater. There was a high 
PBIAS for most of the time-steps, which is attributed to the fewer number of rainfall 
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events available for validation purposes. The ConEd SWAM runoff estimations were less 
robust, especially for rainfall events that generated less than 40 mm of runoff, which 
resulted in estimates of zero runoff from SWAM compared to observations of actual 
runoff in the field. In general, the greater monitored drainage area for the ConEd roof, 
together with the fact that the moisture sensor on this roof was not within the monitored 
drainage area, are believed to be confounding factors for this roof. However, the 
comparisons overall for both extensive green roofs show promise that SWAM can 
effectively estimate runoff based on a single soil moisture reading across three different 
extensive green roof types.  
 
Figure 3.10. SWAM generated runoff versus recorded normalized weir runoff using a processing time-
step, Δt, of 24 hours for the three extensive green roof types studied. A and B represent all rain events and 











Table 3.4. Summary statistics, NSE, RSR and PBIAS, for SWAM predicted runoff values for the USPS 
and ConEd extensive green roofs. Highlighted areas represent regions of acceptable SWAM performance. 
 
 Δt (hr) USPS ConEd 
  NSE (-) RSR (-) PBIAS (%) NSE (-) RSR (-) PBIAS (%) 
1 0.23 0.88 -86 -0.3 1.14 -91 
3 0.77 0.48 -58 0.31 0.83 -78 
6 0.92 0.29 -36 0.61 0.62 -61 
12 0.9 0.32 -18 0.65 0.59 -49 
24 0.84 0.39 4 0.65 0.59 -27 
 
3.3.5. Study limitations 
A limitation in this study was the lack of physically measured ET data for SWAM 
validation, leading to the choice of using the SMEF model for comparison. Nonetheless, 
successful previous application of the SMEF ET model to capture extensive green roof 
ET (Berretta et al., 2014; Stovin et al., 2013) indicated that this model would be a good 
benchmark for assessing SWAM performance in lieu of physically monitored data.  
 Another limitation of the study was the lack of monitored runoff data from larger 
rainfall events for the ConEd and USPS green roofs, which precluded validation of 
SWAM performance for these green roof systems over a wide range of storm conditions. 
Furthermore, as noted above, the location of the ConEd soil moisture sensor in relation to 
the monitored roof drains is considered non-ideal, although if there was uniformity 
between each green roof tray on the ConEd roof, soil moisture measurements could 
hypothetically take place in any tray without bias.  
3.3.6. Comparison of monitoring approaches 
A comparison of set-up costs for monitoring green roof performance based on a 
conventional weir system and parameterization of ET models such as the SMEF, with the 
set-up costs associated with the SWAM method is provided in Table 3.5. Conventional 
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green roof monitoring costs are based on estimates from a green roof monitoring 
campaign that was undertaken by the author and her collaborators in 2013. As shown, the 
set-up costs for performance monitoring via SWAM is about half that associated with 
current day, conventional approaches. In addition to the cost, the custom-designed weir 
system requires at least 14 hours of labor for the initial installation alone. Based on the 
experience of the authors in monitoring 6 full-scale green roofs in New York City, the 
direct runoff monitoring devices also require regular maintenance following installation, 
as the sensors and weirs can malfunction and/or become filled with debris, leading to the 
loss of data. In these cases, the weirs and sensors often have to be completely removed 
from the green roof, laboratory re-calibrated and re-installed. While regular maintenance 
of conventional systems can be possible when working with a few green roofs, it is likely 
to become prohibitive in citywide monitoring campaigns involving hundreds of roofs. 
Conversely, based on the authors’ experience, the labor involved in maintaining the 
instrumentation required to implement the SWAM approach is minimal. Additionally, 
since sufficiently accurate results for both runoff and ET can be obtained with SWAM 
using only one or two observations of rainfall and soil moisture per day, the data storage 
requirements and associated costs for SWAM are also lower than those accompanying 
more conventional systems. 
Because the SWAM method uses surrogate, and not direct, measurements to 
provide values of green roof runoff and ET, SWAM is not necessarily considered to be an 
appropriate alternative for research-based monitoring of green roofs, which often 
demands more extensive, and thus data intensive, monitoring protocols. Nonetheless, the 
SWAM method is believed to provide a robust monitoring approach for integrated studies 
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of green roof co-benefits, and one that can help to bridge the gap between research and 
more data informed city planning decisions regarding green infrastructure 
implementation.  
Table 3.5. Estimated cost of a weir system used in the monitoring of green runoff and climate parameters 
needed for ET estimation, versus the collection of data required to run the SWAM algorithm. Note, that 
these costs are based on present day quotes (from a study in 2013), and might vary over time. 
 












S-RGB-M002 0.2 mm Rainfall 
Smart Sensor 410 
 
S-RGB-M002 0.2 mm 
Rainfall Smart Sensor 410 
 
Senix TSPC-30S1-232* 384 
 
EC5 SMC Soil Moisture 
Smart Sensor 139 





 Weir components 300 
 
  
  Runoff (weir) 2072 
 
  








  S-WSET-A Wind Sensor 560 
 
  




  Evapotranspiration (SMEF) 1108 
 
  
  Weir construction 
 
6   
  Weir calibration 
 
4   








Total 3180 18 Total 1527 4 
 
3.4. Conclusions  
 Current, widely used monitoring and modeling approaches to quantify green 
infrastructure performance can be time, material and labor intensive, and, thus, costly. As 
a result, the applicability of such approaches for citywide hydrologic performance 
monitoring campaigns in urban areas where green infrastructure is being adopted at scale 
is limited. This study addressed the growing need to develop new, resource efficient 
 75 
methods for the widespread hydrologic performance monitoring of urban green 
infrastructure, such as green roofs. Results from the study indicate that extensive green 
roof runoff and evapotranspiration can successfully be estimated using an approach 
termed the Soil Water Apportioning Method (SWAM), which is based on a simplified 
water-balance method and requires only recorded rainfall, soil (substrate) moisture 
measurements, and the maximum water storage capacity of the substrate to provide 
robust performance data. 
 Validation of SWAM runoff estimations was undertaken via comparison with 
monitored runoff data obtained from three, full-scale green roofs located in New York 
City, referred to as W118, USPS and ConEd, respectively. The runoff performance of 
SWAM proved to be acceptable for calculation time-steps greater than 3 and up to 24-
hours. While a general SWAM under-estimation bias was observed for small rainfall 
events (<20mm) and an over-estimation bias was observed for very high intensity rain 
events, these biases can likely be reduced by dynamically varying the maximum water 
storage capacity of the substrate based on factors such as storm characteristics or season 
and/ or including roof specific routing parameters in the model. Such steps, however, 
would require more data and more complex analyses. A comparison of SWAM estimated 
runoff from an array of nine soil moisture sensors installed on the W118, indicated 
relatively little variance (+/- 1mm) between estimations based on readings from each 
individual sensor, provided sensors were not located in the upstream portion of the 
monitored watershed or in areas where local ponding occurred. Thus, performance 
monitoring founded on data from one sensor per green roof drainage area could suffice 
for many applications, if the sensor location is chosen with care.  
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 Validation of SWAM ET estimations was undertaken by comparing SWAM 
generated ET values with ET obtained using a modified form of the Soil Moisture 
Extraction Function (SMEF) for the W118 green roof. The performance of SWAM 
proved to be acceptable for all calculation time steps. At smaller times steps, SWAM was 
able to estimate diurnal ET patterns, while total daily ET values were well estimated 
using only one or two soil moisture measurements per day. Since ET and runoff 
performance was relatively stable at time-steps of 6 to 24-hours, a data collection 
frequency of every 6-hours or greater is recommended for best ET, as well as runoff, 
estimation results. Unlike runoff, SWAM estimated ET values were less sensitive to 
sensor location, and displayed less total variation (+/- 0.5mm). 
 Overall, the work presented here provides supporting evidence that SWAM can 
provide a viable method for the long-term, low-cost monitoring of green roof hydrologic 













Abstract – Alongside deforestation and growing urbanization, the tropics are increasingly 
experiencing forest regeneration. These land cover changes can have significant effects on local and 
regional hydrology. Representative watershed scale research on this topic, however, has been limited. 
In this study, 60 years of hydro-climate data and two land cover maps from Puerto Rico, where 
extensive forest regeneration has occurred, were used to investigate the impact of land cover change on 
local climate and streamflow from 15 mesoscale watersheds. Changes in climate, notably increasing 
minimum temperatures leading to decreased diurnal temperature range (DTR), were partly attributed to 
land cover change and partly to natural variability and potential regional climate change. Total yearly 
streamflow and baseflow (normalized by precipitation) were negatively correlated with urbanization, 
indicating decreased soil infiltration and recharge in urbanizing watersheds. Reforestation did not 
significantly impact streamflow and baseflow in the studied watersheds, although there was a non-
statistically-significant positive relationship between these factors. Changes in total yearly surface flow 
were more strongly associated with forest age than with increased forest cover, thus it may be many 
decades before reductions in surface flow as a results of increasing forest cover can be realized. 
Baseflow recession times increased in reforested watersheds and decreased in urbanized watersheds, 
demonstrating that land cover changes have altered the response of the studied watersheds – with 
greater soil infiltration and recharge in reforested watersheds leading to greater baseflow and longer 
recession times. Watershed topography impacted the relative effects of forest regeneration on baseflow 
recession times. Overall, this study provides evidence of improved subsurface conditions and longer 
recession times following forest regeneration in a tropical region. 
 
Graphical Abstract – Main findings, with figure A) showing correlations between total streamflow 
and baseflow (normalized by precipitation) and the explanatory variables considered (statistical 
significance at p-value ≤ 0.05 is highlighted with a grey band) and figure B) illustrating changes in 




 Covering one-fifth of the global land surface, the tropics play a crucial role in the 
global continental hydrologic and carbon cycles (IPCC, 2014), while also being subject to 
the greatest intensity of land cover disturbance across the world (FAO, 2010). The effect 
of land cover change, and deforestation in particular, on water and climate in the tropics 
has been widely studied and debated over the past decades (Andressian, 2004; Bruijnzeel, 
2004). Studies have recently also drawn attention to the growing emergence of secondary 
forests on previously deforested, abandoned agricultural lands (“A Large and Persistent 
Carbon Sink in the World’s Forests,” 2011; FAO, 2010; Giambelluca, 2002; Hölscher et 
al., 2005; Perz and Skole, 2003). Globally, secondary forests account for 70% of the total 
forested land in the tropics (Brown and Lugo, 1990; FAO, 2010). In Latin America and 
the Caribbean, secondary forests account for roughly 66% of the deforested land area 
(Aide et al., 2012). Yet despite their prevalence, there remains a dearth of knowledge 
regarding the impact of secondary forests on tropical hydrology at the watershed scale 
(Bruijnzeel, 2004; Ghimire et al., 2014). This is due largely to the lack of long-term 
observational hydro-climatic data in the tropics (Wohl et al., 2012). Given the importance 
of tropical hydrology to both global and regional hydro-climatic interactions, advancing 
the understanding of how natural and anthropogenic change impacts streamflow at the 
watershed scale in the humid tropics is paramount.  
 Streamflow can be divided into two components: 1) surface flow, which 
represents the rapid watershed response to rainfall, and 2) baseflow, which represents the 
long-term flow contribution fed from deep subsurface (including groundwater) and 
delayed shallow subsurface storage between rainfall events (Price, 2011). Land cover 
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change can disrupt the water balance of both streamflow components by affecting 
regional precipitation patterns and the partitioning of precipitation into 
evapotranspiration, runoff and groundwater flow (Ellison et al., 2012). The net effects of 
land cover change on surface flow and baseflow are largely dependent on the scale of the 
study area, the scale of the land cover disturbance, and the time passed after the initial 
land cover disturbance (Andressian, 2004; Ellison et al., 2012). Studies conducted at the 
local scale (1 – 100 km2) suggest that reforestation reduces water yields due to the higher 
water demands of young forests (Andressian, 2004; Bosch and Hewlett, 1982; Brown et 
al., 2005; Calder, 2002; Farley et al., 2005; Jackson et al., 2005; Malmer et al., 2010; 
Zhang et al., 2001). However, small-scale studies, conducted over relatively short time-
scales of 1 – 10 years, might not capture the potential influence of regional changes on 
rainfall (Ellison et al., 2012) or potential improvements in soil conditions over time when 
reforestation occurs on previously degraded land (Giambelluca, 2002). For example, 
Wilcox and Huang (2010), reported significantly increased baseflow following woodland 
regeneration on once degraded landscapes in Texas based on the analysis of a long-term 
dataset of 85 years. Regarding sub-surface improvements, a review of 14 sites by Ilstedt 
et al. (2007) found that infiltration capacity increased, on average, by a factor of three 
after afforestation or tree planting in agricultural fields. However, Ghimire et al. (2014) 
reported that the water use of a newly planted pine plantation (25 years old at the time of 
the study) in the Nepalese Lesser Himalaya led to decreases in streamflow. Thus, the 
impact of secondary forests on hydrology appears to be contingent on the trade-off 
between two things: 1) enhanced soil water storage capacity and recharge from improved 
infiltration through organic matter buildup during the forest maturing period (leading to 
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greater baseflow and total streamflow) (Bruijnzeel, 1989; Ghimire et al., 2013), and 2) 
decreased soil water reserves due to the higher water use of trees compared to crops, 
pasture, or shrub lands (leading to lower baseflow and total streamflow) (Bonell and 
Bruijnzeel, 2005; Bruijnzeel, 2004, 1989). This trade-off is also tied to the physical 
environment of the reforested region, namely on the soil type, underlying geology, 
climate, topography and existing land cover (Price, 2011; Wohl et al., 2012).  
 The Caribbean island of Puerto Rico provides a unique opportunity to study the 
regional hydrologic impact of natural forest regeneration (in this study also referred to as 
reforestation) on previously disturbed landscapes in the tropics. The island nation has 
experienced significant changes in land cover over the past 60 years, with extensive 
forest regeneration on abandoned agricultural lands and coffee plantations (Aide et al., 
2012; López et al., 2001). Contrary to other regions in the humid tropics, and especially 
to its neighboring islands in the Caribbean basin (McGillis et al., 2015), Puerto Rico also 
has a strong record of publically available hydro-climatic and historical land cover data, 
which makes it possible to conduct analysis on historical water and land cover dynamics.  
 Findings from previous studies of land cover change on hydrology in Puerto Rico 
have been mixed. Beck et al., (2013) investigated 12 mesoscale watersheds across the 
island and did not find a statistically significant relationship between changes in forest 
and urban cover and runoff from 1950 to 2005. The authors did, however, note the 
presence of a weak relationship between increased forest cover and increased total 
streamflow, which they believed could suggest improvements in soil infiltration and 
water storage capacity. The lack of statistical significance was attributed to potential 
hydro-climatic data quality issues and to heterogeneities in catchment response due to the 
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simultaneous occurrence of reforestation and urbanization in most of the studied 
watersheds. Uriarte et al. (2011) also did not find a significant effect of land cover change 
on instantaneous runoff observations from 57 small sub-watersheds during the period of 
1977 to 2000. Catchment modeling by Van Beusekom et al. (2014), however, revealed 
that the watershed scale and the scale of land cover disturbance played a major role in 
whether a trend between land cover and runoff could be detected or not. The authors 
found that runoff in highly altered small watersheds in Puerto Rico was, in fact, impacted 
by land cover changes, whereas over larger regions with localized areas of land cover 
change, there was a negligible effect on runoff. None of the previous studies in Puerto 
Rico focused specifically on changes in baseflow and watershed response at the 
mesoscale.  
 In this study, we investigate the impact of land cover change on tropical 
hydrology using 60 years of hydro-climatic data (1955 – 2015) and two land cover maps 
(1977 and 2000) from 15 watersheds of variable size (40 – 540 km2) in Puerto Rico. 
Specifically, we test the following main hypotheses: 1) there is a relationship between 
forest regeneration and local climate (temperature, precipitation), 2) there is a positive 
relationship between forest regeneration and baseflow and a negative relationship 
between urbanization and baseflow, 3) there is a negative relationship between forest 
regeneration and surface flow and a positive relationship between urbanization and 
surface flow, and 4) baseflow recession times increase with forest regrowth on previously 
deforested/ cultivated land. In the proceeding sections, an overview of the study region 
and datasets and methodologies used for testing the main hypotheses are presented. This 
is followed by a discussion of the land cover and hydro-climatic trends during the study 
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period, and investigation of the relative contribution of several natural and anthropogenic 
factors to observed changes in annual and seasonal streamflow, surface flow and 
baseflow. The implication of changes in baseflow recession times of selected watersheds 
is then discussed. Finally, concluding remarks and recommendations for future research 
are made. 
4.2. Study region  
 The island of Puerto Rico is the smallest of the Caribbean islands in the Greater 
Antilles, with a land area of 8 870 km2. Puerto Rico experiences a seasonal rainfall 
pattern, with a winter dry season (from December to April) and an early (from May to 
June) and late (from August to November) rainfall season (Giannini et al., 2000; Jury et 
al., 2007). This small island spans six ecological life zones, ranging from subtropical dry 
forest to subtropical rain forest, with annual precipitation ranging from 600 to 5 000 
millimeters and mean annual temperatures ranging from 19 °C to 26 °C (Ewel and 
Whitmore, 1973). These stark differences in precipitation on the island are due to the 
strong topographic gradients that create a barrier to the northeasterly trade winds, 
resulting in the southwest receiving less than half of the annual rainfall of the northeast 
(Daly et al., 2003). Regionally, Puerto Rico’s climate is affected by the North Atlantic 
Oscillation, the El Niño Southern Oscillation and regular hurricane and tropical storm 
activity (Giannini et al., 2001; Jury et al., 2007). The geology is equally diverse and 
includes sedimentary rocks on the north and south coasts (with a karst region in the 
northeast and sand and alluvial soil in the central-north and central-south coasts) and old 
volcanic and sedimentary rocks in the central mountainous area (Grau et al., 2003).  
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 Socioeconomic and policy changes over the past 60 years have transformed 
Puerto Rico’s land cover. From 1940 to 1980, agricultural land in Puerto Rico decreased 
from 85% to 37% (Cruz-Báez and Boswell, 1997) as U.S. and Puerto Rican government 
policies shifted the focus of the island’s economy from agriculture to industrial activities 
(Dietz, 1986). As a result, agriculture went from composing approximately 43% of the 
island’s Gross National Product (GNP) in the 1930s to 1.2% in 1996, while industry grew 
from 7% to 41% during the same period (López et al., 2001). The change in policy also 
induced migration away from rural agricultural dominated areas and into urban areas on 
the island as well as to continental urban centers such as New York City, Chicago and 
Miami (Cruz-Báez and Boswell, 1997; Rudel et al., 2000). While this led to growing 
urbanization and urban sprawl in Puerto Rico, it also led to the growth of secondary 
forests on abandoned agricultural lands and coffee plantations (Aide et al., 2012; Grau et 
al., 2003; Helmer, 2004; López et al., 2001; Martinuzzi et al., 2007). Due to this shift, 
forest cover rose from less than 10% in the 1930s to 57% in 2003 (Brandeis et al., 2003). 
At the same time, nearly half of the island is estimated to be in some degree of urban 
sprawl (Martinuzzi et al., 2007). Consequently, most of the watersheds in this study 
experienced a combination of reforestation and urbanization during the study period. 
4.3. Datasets 
4.3.1. Hydro-climate data 
4.3.1.1. Streamflow 
 Historical daily streamflow, Q, for the period from January 1, 1955 to January 1, 
2015 was obtained from the U.S. Geological Survey (USGS) Caribbean Water Science 
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Center (http://pr.water.usgs.gov) for 111 available stations. In order to ensure that a 
sufficient record of data was available for trend analysis, the following criteria were used 
to pre-screen the suitability of the available stations: 1) at least 30 years of recorded data 
from 1955 to 2015, 2) at least 10 years of recorded data from 1955 to 1985 and at least 10 
years of recorded data from 1986 to 2015, 3) no greater than 10 years of continuously 
missing data, 4) the watershed experienced no major changes in water extraction from 
municipal or agricultural water use. Changes in water extraction were assessed based on 
water use data from the USGS, as discussed in Section 3.3. Further, because the goal of 
the study was to investigate the impact of land cover change on hydrology, only 
watersheds that experienced relatively significant change in forest cover (>5% change in 
land area) and/ or urban cover (>2% change in land area) during the study period were 
considered. The last criteria led to the exclusion of three watersheds, located in the 
protected Loquillo Experimental Forest where little land cover change has occurred. A 
total of 15 watersheds were selected for analysis based on the above-mentioned criteria. 
As an additional data quality assurance measure, months where streamflow exceed 1.1 
times the monthly precipitation were removed from the analysis. This threshold was 
applied in order to systematically remove data outliers in the time series and led to the 
removal of a small number of months for each station. Drainage areas and watershed 
boundary shapefiles for each of the suitable 15 stations were obtained from the USGS. 
Three of the watersheds contained dammed streams, however, with the exception of one 
dam constructed in 1974, all others were completed prior to or within one year of the start 
of the study period, thus this was not believed to impact the trend analysis. Figure 4.1 
shows the location of the 15 watersheds used in this study and the location and dates of 
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construction for the dams in the three watersheds. Table 4.1 provides detailed information 
for the 15 watersheds, including the available record of data from each station.   
 
 
Figure 4.1. Map of Puerto Rico with the location of the 15 USGS streamflow gauges and watersheds used 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4.3.1.2. Precipitation and temperature 
 Daily precipitation, P, and temperature, T, data were obtained from the NOAA 
National Climatic Data Center’s GHCN-D database (http://www.ncdc.noaa.gov/). 
Precipitation data from an additional station, the El Verde station, located in the Luquillo 
Experimental Forest (which was not in the GHCN-D database) was also used to 
supplement the number of rainfall stations in the wettest part of the island. The 
temperature data included average, minimum and maximum daily air temperature: Tavg, 
Tmin, Tmax, respectively. Two criteria were used to assess the suitability of the 
precipitation stations for analysis: 1) the station had at least 25 years of data, and 2) 
rainfall was recorded past the year 1995. The second criterion was applied because 
records from a number of stations ended in the early to mid-1990’s, during a drought 
period. The years of 1997, 1994 and 1991 were found to be the second, third and sixth 
driest years of the 20th century in Puerto Rico and annual rainfall accumulation averaged 
87% of normal from 1990 to 1997 (Larsen, 2000), thus records that ended during this 
period could be biased toward a decreasing trend in precipitation. Incorporating the two 
criteria resulted in 61 stations out of 189 available stations with sufficient precipitation 
data, and 21 stations with sufficient temperature data, as not all of the GHCN-D stations 
recorded air temperature.  
4.3.2. Land cover and forest age 
 Two land cover (LC) maps, one from 1977 to 1978 (referred to as 1977) and the 
other from 2000, were used to quantify: 1) changes in land cover before and after the 
transition point of 1985 and 2) the estimated age of forests in 2000. The transition point 
of 1985 was selected because it was believed to best represent conditions before and after 
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major land cover changes occurred in Puerto Rico’s recent history. While the actual land 
cover transition point may differ for each region, the most dramatic shifts in land cover 
have been reported from 1940 to the mid and late-1980s (Grau et al., 2003). The 1977 
land cover map was created using aerial photographs from 1977 and 1978 at 1:20,000 
resolutions (Ramos and Lugo, 1994) and digitized to polygons at a 1:24,000 scale. The 
2000 land cover and forest age map is based on Landsat TM and ETM+ mosaic images at 
30×30 m resolution (Helmer et al., 2002; Kennaway and Helmer, 2007). Forest age is 
provided as a range of years.  
 All maps were rasterized to 30×30 m resolution and to a common geographic 
projection system. The 1977 map originally had 12 land cover classes, which were 
simplified to eight classes following the methodology from Crk et al. (2009): 1) 
Urban/developed, 2) Herbaceous/coffee/mixed woody agriculture, 3) Pasture/grass, 4) 
Forest/woodland/shrubland, 5) Forested wetland, 6) Non-forest wetland, 7) Non-
vegetated, 8) Water. The 2000 map originally had 29 land cover classes, which were also 
reduced to the same eight classes, following methodology from Crk et al. (2009). Only 
the first four land cover classes were used in this study and were simplified to urban, 
agriculture, pasture and forest. Details of the re-classification methods and a discussion 
on the accuracy of the two maps can be found in Uriarte et al. (2011).  
4.3.3. Additional datasets 
 State population and water-use data were obtained from the USGS 
(http://waterdata.usgs.gov/pr/nwis/wu). This data was available at a municipality level for 
the years of 1985, 1990, 1995, 2000, 2005 and 2010. Data on surface and groundwater 
withdraws for the public-supply facilities and surface and groundwater withdraws for 
 89 
crop irrigation were used to assess the suitability of watersheds used for analysis. 
Changes in population, averaged across each of the 15 watersheds, were used to assess 
the potential growing demand on water supply due to migration away from or into the 
studied watersheds. Elevation data was obtained from a 30 m Digital Elevation Map 
(DEM) from the USGS (http://viewer.nationalmap.gov/launch/). Average elevation and 
slope were calculated for each of the 15 watersheds from the DEM. Figure 4.2 
summarizes the duration of each dataset used in this study. 
 
 
Figure 4.2. Timeline for the record of data from the main datasets used for analysis in this study.  The 
transition point (T.P.) of 1985 was selected because it was believed to best represent conditions before and 
after major land cover changes occurred in Puerto Rico. 
 
4.4. Methodology 
4.4.1. Calculation and interpolation of hydro-climate variables 
 Streamflow was converted to an equivalent water depth (mm) by dividing the 
daily streamflow volume by the respective watershed drainage area for each of the 15 
watersheds. To assess the impact of land cover change during both rainy and rainless 
periods, streamflow was separated into baseflow, BF, and surface flow, SF, using the 
USGS HYSEP local minimum method (Sloto and Crouse, 1996). With the local 
minimum method, baseflow values for each day are estimated by the connecting local 
minima – the lowest point based on 1.5 days before and after each day – of the 
 90 
hydrograph dataset with straight lines. Precipitation across each watershed was 
interpolated and averaged using the Ordinary Kriging (O.K.) method. Only precipitation 
from stations that were 5 km or greater away from the coastline were used for O.K. 
interpolation. Since all of the studied watersheds were located inland, this criterion was 
imposed in order to reduce bias from coastal rainfall patterns resulting from sea breezes 
that may differ from inland precipitation (Rieck et al., 2015). This resulted in 39 stations 
available for interpolation. O.K. was used because of its high performance in 
mountainous tropical islands compared to other traditional and geo-statistical 
precipitation interpolation methods (Mair and Fares, 2011). Due to the relatively lower 
number of weather stations with a sufficient air temperature record, which restricted the 
applicability of interpolation methods, Tavg, Tmin, and Tmax from the station nearest to each 
watershed was used.  
 Although potential evapotranspiration is an important component of tropical 
hydrology, the lack of sufficient spatially distributed temperature and solar radiation data 
(among other parameters such as wind and relative humidity) could lead to unreliable 
calculations of potential evapotranspiration using common methods such as the 
Hargreaves or Penman-Monteith equations. Thus, in lieu of potential evapotranspiration, 
the Diurnal Temperature Range (DTR) was calculated by subtracting Tmin from Tmax. 
Changes in DTR reflects sensible heating and changes in the Bowen ratio (Gentine et al., 
2011a, 2011b), which are driven mostly by changes in land cover, soil moisture, radiation 
and cloud cover (Dai et al., 1999). It is noted that tropical regions experience less 
fluctuation in solar radiation than in the mid-latitudes and DTR changes mostly reflect 
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changes in cloud cover. This makes DTR a useful tool in assessing potential changes in 
actual evaporation.  
 Daily Q and P were aggregated to monthly (in order to apply the streamflow 
threshold, Qmonth < 1.1 Pmonth) and yearly totals for the trend analysis. In addition to Q, SF 
and BF, four other normalized streamflow variables were calculated: Q/P, SF/P, BF/P, 
and BF/Q. Q/P is often referred to as the runoff coefficient and has previously been used 
to decipher between streamflow changes due to changes in precipitation and streamflow 
changes due to land cover change (ex. Costa et al., 2003; Le Tellier et al., 2009; Muñoz-
Villers and McDonnell, 2013; Velpuri and Senay, 2013). Given this, Q/P, SF/P, and BF/P 
were used to represent normalized streamflow, surface flow and baseflow, whereby 
changes in the normalized values could be explained by factors other than precipitation or 
through the nonlinear response of the generated streamflow to precipitation. BF/Q 
represents the contribution of baseflow to total streamflow.   
4.4.2. Hydro-climate trend analysis 
 To investigate the temporal changes in Puerto Rico’s hydro-climate – based on Q, 
SF, BF, Q/P, SF/P, BF/P, BF/Q, P, Tavg, DTR – a Mann-Kendall non-parametric test was 
used. The Mann-Kendall test was run for the precipitation and streamflow components at 
1) yearly, 2) dry season (December to April), and 3) rainy season (May to November) 
cumulated values. A similar analysis was carried out for Tavg and DTR using average 
values per year (seasonal analysis was not carried out). The Kendall’s Tau-b, Sen’s slope 
and the p-value were calculated at each step. The Sen’s slope over the duration of the 
recorded dataset was used to represent the rate of change over that period. Statistical 
significance was determined at a p-value ≤ 0.05.   
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4.4.3. Evaluation of hypotheses 
4.4.3.1. Hypothesis 1 
 Hypothesis 1 states that there is a relationship between forest regeneration, 
precipitation and temperature. This is based on the notion that the emergence of 
secondary forests would offset the effects of deforestation on regional precipitation and 
temperature, leading to an increase in precipitation and a decrease in maximum 
temperatures. To test the possible feedback between forest regeneration, rainfall and 
temperature, circular buffer zones of 500 m, 1 km, 3 km, and 5 km in diameter were 
created on ArcGIS and the percent of urbanization and reforestation from 1977 and 2000 
within the buffer zones were calculated. A pixel was considered urbanized or reforested if 
it was urban or forested in 2000 but not in 1977. Linear correlations and p-values were 
calculated between the percent difference in the land cover area in each buffer zone and 
the rate of change of precipitation for each station. Correlations between the percent 
differences in the land cover area in each buffer zone and the rate of change of Tavg, Tmax, 
Tmin, and DTR were also calculated in order to assess the potential impact of land cover 
change on local temperature and evaporation. Statistical significance was determined at a 
p-value ≤ 0.05.    
4.4.3.2. Hypotheses 2 and 3 
 Hypothesis 2 states that there is a positive relationship between forest 
regeneration and baseflow and a negative relationship between urbanization and 
baseflow. Hypothesis 3 states that there is a negative relationship between forest 
regeneration and surface flow and a positive relationship between urbanization and 
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surface flow. To test the relative effects of land cover change on baseflow, surface flow 
and total streamflow, a number of natural and anthropogenic explanatory variables, 
including land cover, were investigated. The natural explanatory variables included ΔP, 
ΔTavg, and ΔDTR. The anthropogenic explanatory variables included changes in the four 
land cover classes from 1977 to 2000, ΔUrban, ΔAgriculture, ΔPasture, ΔForest, Forest 
Age and the change in population, ΔPopulation. The changes in hydro-climate variables 
represent the rate of change (Sen’s slope) over the entire duration of available data for 
each station. Changes in land cover were calculated as a change in percent area in urban, 
agriculture, pasture and forest, from 1977 to 2000 for each watershed. The Forest Age 
was calculated as a weighted average for each watershed, using the average value from 
each age range. Change in population represents the rate of change of the average number 
of people living in each watershed from 1985 to 2010, noting that most watersheds were 
composed of several different municipalities.   
 To evaluate the impact of each explanatory variable on ΔQ, ΔSF, ΔBF, ΔQ/P, 
ΔSF/P, ΔBF/P, and ΔBF/Q, and test hypotheses 2 and 3, regression models were used. In 
order to avoid over-fitting the data in the models, the recommended limit of n/10 for the 
number of predictors recommended by Harrell (2001) was used. Since only 15 
watersheds with a sufficient record of data were available for the analysis (n = 15), the 
models were restricted to 1 predictor (i.e. explanatory variable) and the linear (Pearson) 
correlations and p-values were calculated. Statistical significance was determined at a p-
value ≤ 0.05. This analysis was done for yearly timescales.   
4.4.3.3. Hypothesis 4 
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 A baseflow recession curve describes the decay of streamflow with time during 
rainless periods. Baseflow recession slopes are particularly useful for understanding 
watershed response characteristics and for detecting change in watershed characteristics 
over time (Brutsaert and Nieber, 1977; Rupp and Selker, 2005; Troch et al., 2013; Wang 
and Cai, 2010a, 2010b). In this study, baseflow recession curves were created for each of 
the watersheds that exhibited a statistically significant change in Q/P, SF/P, or BF/P in 
the yearly Mann-Kendall trend analysis. Recession curves were calculated by separating 
each recession event in the streamflow time series and calculating the recession slope, K, 
for each segment via: 
 ln(𝑄) = 𝑐 − 𝐾𝑡 [4.1] 
where Q is the observed streamflow [mm], t is the time [days], and K and c are the linear 
regression coefficients. A Visual Basic program developed by Posavec et al. (2006) was 
used to calculate the baseflow recession curves (referred to in the program as master 
recession curves) and regression coefficients, K and c.  
 In order to evaluate potential changes in the recession behavior of the watersheds 
after land cover change, recession curves for the earlier period (1965 to 1985) and later 
period (1995 to 2015) were calculated and compared. Previous studies have demonstrated 
the applicability of this method for detecting the impact of human activities, such as 
groundwater pumping, on baseflow (Wang and Cai, 2010a, 2010b).   
4.5. Results and discussion 
4.5.1. Changes in land cover 
 Figure 4.3 displays the spatial pattern of total land cover change, urbanization or 
loss of urban land, reforestation or deforestation, and forest age across the island. 
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Individual pixels were considered urbanized or reforested if the pixel was non-urban or 
non-forest in 1977 and urban or forest in 2000. No change signified that the pixel was 
either forest or urban in both 1977 and 2000. Table 4.2 summarizes the percent change 
for the four land cover classes for each watershed. Figure 4.4 shows the elevations of the 
reforested and urbanized areas and the elevation distribution of each land cover change 
category.  
 From 1977 to 2000, Puerto Rico’s land cover changed significantly; with 56% of 
the island experiencing some degree of land cover change. Of this change, 20% is 
attributed to reforestation and 7% is attributed to urbanization. Most of the forest 
regeneration occurred in the central western part of the island. Urbanization occurred at 
lower elevations and near existing urbanized areas, with the majority of this land cover 
change occurring at elevations of less than 250 meters. A notable amount of forest 
regeneration occurred at higher elevations, owing to the abandonment of coffee 
plantations and agricultural land that were in higher, less populated areas. However, 
substantial forest regeneration also occurred at lower elevations. These findings are in 
agreement with previous studies of land cover and elevation in Puerto Rico (Grau et al., 
2003; Helmer, 2004; Martinuzzi et al., 2007). Change in forest cover for the studied 
watersheds ranged from -4% to 54%, while change in urban land area ranged from 3 to 
10%. With the exception of two watersheds, all others had a loss in agricultural land and 
most experienced a loss in pasture. The average forest age for the 15 watersheds was 24 




Figure 4.3. (A) Change in overall land cover, (B) change in urban land cover, and (C) change in forest 
cover from 1977 to 2000. (D) Forest age category.  
 97 
Table 4.2. Land cover change, forest age, population change, average elevation and average slope for the 




















50028000 3 -57 0 54 16.65 192 571 16 
50031200 10 -14 -6 11 21.76 207 588 18 
50034000 7 13 -16 -4 28.78 55 732 22 
50035000 6 -12 -7 13 27.21 140 577 20 
50038100 6 -14 -6 14 27.67 149 518 19 
50038320 3 -17 -9 24 16.14 307 248 13 
50039500 4 -10 -4 10 22.82 240 189 13 
50046000 5 -5 -2 2 27.40 191 412 16 
50055000 5 -3 -21 17 22.02 412 265 14 
50056400 8 -1 -17 10 16.67 572 168 9 
50057000 7 -4 -13 9 25.06 577 173 10 
50061800 6 1 -7 1 38.62 435 463 15 
50138000 4 -37 14 19 28.72 -294 197 13 
50144000 3 -56 2 53 22.46 82 467 18 









4.5.2. Hydro-climate trends 
4.5.2.1. Precipitation and temperature trends 
 Over half of the temperature stations and over one-third of the precipitation 
stations exhibited a statistically significant change during the study period (Table A4, 
Figure 5). The number of statistically significant stations for P, Tavg, Tmax, Tmin, and DTR 
represented 38%, 52%, 76%, 67%, and 76% of the total number of stations, respectively. 
Of the 21 temperature recording stations, 17 experienced an increase in average yearly 
Tmin, resulting in 14 of the 21 stations exhibiting a decreasing trend in DTR (see Figure 
4.6). With the exception of one station in the northwest, all stations that had a significant 
change in Tmin, experienced an increase in average minimum temperatures. On average, 
the rate of change of Tmax was -0.026 °C/yr (-2.6 °C/100yr) for stations that exhibited a 
decreasing trend and 0.020 °C/yr (2 °C/100yr) for stations that exhibited an increasing 
trend. For Tmin, negative values were on average -0.008 °C/yr (-0.8 °C/100yr) and 
positive values were on average 0.026 °C/yr (2.6 °C/100yr). Van Beusekom et al. (2015) 
reported a positive trend in minimum temperature of 0.02 °C/yr in northeastern Puerto 
Rico, which is in line with this study. Torres-valcárcel et al., (2014) reported on average 
an increase of 0.67 °C/100yr in Tmin and 1.51 °C/100yr in Tmax in Puerto Rico. The 
difference in average values between their study and the current study is attributed to 
their use of 57 stations in contrast to the 21 used in this study (the authors used FILNET-
adjusted maximum and minimum temperature data instead of the raw station datasets 
used in this study) and the considerably longer study period spanning from 1901 to 2007. 
Decreasing DTR was on average -0.044 °C/yr (4.4 °C/100yr) and increasing DTR was on 
average 0.020 °C/yr (2 °C/100yr). Station 660246 exhibited an anomalously large 
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difference between the change in Tmax and Tmin, resulting in a much higher DTR rate of 
change than the other stations (see Table A4). This is likely due to errors in the recorded 
data. Overall, the decreasing trend in DTR is in agreement with previous global studies 
(ex. Easterling et al., 1997; Stone and Weaver, 2003; Zhou et al., 2010) and regional 
studies in the Caribbean (Aguilar et al., 2005; Peterson et al., 2002; Stephenson et al., 
2014). This finding highlights the potential impact of climate variability and change in 
Puerto Rico (Braganza et al., 2004).    
 A greater number of stations in the coastal zones had a statistically significant 
change in precipitation (41%) than that inland stations (36%). Generally, precipitation in 
the southern part of the island increased, while rainfall in the north decreased, displaying 
disparity between the rainfall patterns on either side of the Cordillera Central mount 
range that spans central Puerto Rico. Similar results were reported by Beck et al. (2013), 
who hypothesized – based on evidence from previous studies (ex. Van der Molen et al., 
2006) – that the spatial pattern could be attributed to changes in wind patterns induced by 
changing sea surface temperatures. The precipitation rate of change for the stations that 
had a statistically significant change in precipitation ranged from -3 to -28 mm/yr and 4 
to 21 mm/yr. The distribution of the number of stations that experienced a decreasing 
trend in rainfall (29) and those that experienced an increasing trend in rainfall (32) was 
about equal, again drawing attention to the spatial pattern in precipitation changes across 






Figure 4.5. Trends in (A) total yearly precipitation, (B) average yearly air temperature, (C) maximum 




Figure 4.6. Rates of change for (A) Tmax and Tmin, (B) DTR, and (C) precipitation over the study period.  
 
4.5.2.1. Streamflow trends 
 Table 4.3 summarizes the findings from the watershed-scale yearly and seasonal 
streamflow and precipitation trend analysis; Appendix Table A5 provides additional 
information including the means, Mann-Kendall Tao-b values, and p-values. A majority 
of the studied watersheds (8 of 15) experienced a statistically significant increase in 
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precipitation, particularly in the dry season (7 of 15). Only 20% (3 of 15) of the stations 
experienced a significant change in precipitation in the rainy season. Changes in total 
streamflow, surface flow and baseflow were significant for 20%, 27% and 33% of the 
stations, respectively. These values mainly reflected changes in the rainy season, whereas 
only 13%, or 2 out of 15, stations experienced significant changes in Q, SF, and BF in the 
dry season. Normalized streamflow and baseflow values, Q/P and BF/P, also changed 
markedly for many watersheds during the study period, with 5 of 15 and 7 of 15 stations 
exhibiting a significant change, respectively. These changes occurred in both the dry and 
rainy season. Changes in normalized surface flow, SF/P, were less apparent as only 1 of 
the 15 stations exhibited a statistically significant change overall. The contribution of 
baseflow to total streamflow, BF/Q, also changed significantly for many stations during 
the study period, with 8 of the 15 stations exhibiting a statistically significant change, but 
almost entirely during the rainy season.  
 Precipitation increased over all of the watersheds studied, during both the dry and 
rainy season (with the exception of one station that had a small decrease in the rainy 
season). The increase in rainfall averaged 8 mm/yr across the watersheds for all seasons 
and 3 mm/yr during the dry season. The finding that rainfall for all watersheds increased 
despite the fact that nearly half of the stations experienced a decrease in precipitation 
raised questions regarding the suitability of rainfall interpolation with the limited number 
of stations in Puerto Rico. To resolve this issue, the trend analysis was re-run using the 
nearest rainfall station to each watershed in lieu of interpolation. This resulted in 12 of 
the 15 watersheds experiencing an increase in precipitation, with the other three 
exhibiting a drying trend. It was, however, concluded that the interpolation method better 
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captured the spatial dynamics of rainfall across the watersheds given the wide orographic 
distributions in rainfall characteristic of small mountainous watersheds in the Caribbean 
(McGillis et al., 2015). The exclusion of coastal stations was believed to reduce the bias 
in rainfall interpolation, as per the discussion in Section 4.4.1. 
 For the watersheds that experienced increasing trends, total streamflow increased 
on average 3.7 mm/yr, surface flow increased on average 2.6 mm/yr and baseflow 
increased on average 1.9 mm/yr. Only one watershed had a decreasing trend in yearly 
streamflow (-1.4 mm/yr) and respectively three and four watersheds exhibited decreasing 
trends in surface flow (average -0.68 mm/yr) and baseflow (average -0.81 mm/yr).  
 Seven of the 15 watersheds were selected for further analysis. These stations were 
selected because they exhibited a statistically significant change in Q/P, SF/P or BF/P in 
both the yearly trend analysis and in at least one of the seasons. Figure 4.7 shows the 
annual time series of P, Q, SF, BF, Q/P, SF/P, and BF/P for the seven selected 
watersheds, and the corresponding fitted trend lines. For watersheds that had a significant 
increase in Q/P, SF/P, or BF/P, the increase in the streamflow component was greater 
than the increase in rainfall over the watershed. For watersheds that had a significant 
decrease in Q/P, SF/P, or BF/P, either the streamflow component decreased despite the 
increasing rainfall trend over the watershed or the amount of increase in the streamflow 
component was much less than the increasing rate of precipitation. The most pronounced 
decreasing trends occurred in watersheds B and G (watershed letters are also indicated in 
Table 4.3). In watershed B: Q, SF and BF decreased despite increasing P, resulting in 
significant declines in Q/P and BF/P, while SF/P did not show any significant change. On 
the other hand, in watershed G: Q, SF and BF were relatively constant during the study 
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period, despite increasing P, also resulting in a decline in Q/P, SF/P (not significant) and 
BF/P. The greatest increases in streamflow occurred in watersheds A, C and F. The seven 
selected watersheds are discussed in further detail in Sections 4.5.4 and 4.5.5.  
 105 
 
Figure 4.7. Time series of P, Q, SF, BF, Q/P, SF/P and BF/P for the seven watersheds that exhibited a 
significant change in Q/P, SF/P or BF/P. Watershed ID’s are as follows: (A) 50028000, (B) 50031200, (C) 































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4.5.3. Impact of land cover on climate 
 Land cover change can impact regional climate through changes on net radiation, 
changes in the partitioning between sensible and latent heat flux, changes in momentum 
exchange and the partitioning of precipitation into soil water, evapotranspiration and 
runoff (Douglas et al., 2009, 2006; Foley et al., 2005; Lawton et al., 2001a; Pielke et al., 
1997, 1998; Pielke, 2001; Ray et al., 2006; Woldemichael et al., 2014). Removal of 
tropical forests and vegetation leads to a reduction in evapotranspiration, an increase in 
the surface albedo, higher sensible heating and lower roughness (Gentine et al., 2007; 
Snyder et al., 2004). The effect of reduced evapotranspiration increases surface 
temperatures and dries the planetary boundary layer, as less water is transpired to the 
atmosphere from the surface (Gentine et al., 2013; Snyder et al., 2004). Over wet tropical 
regions this reduces precipitation when deforestation occurs across large regions (Gentine 
et al., 2013). Modeling studies have provided evidence for this effect in the tropics (Costa 
and Foley, 2000; Snyder et al., 2004), although evidence of these effects is scale 
dependent and varies across regions depending on the degree of land-ocean coupling 
(Lawrence and Vandecar, 2015). We note that heterogeneity at the mesoscale can 
nonetheless alter this feedback loop and deforested, drier regions, typically generate more 
convective rainfall and higher cloud cover induced by mesoscale heterogeneities (Knox 
and Bisht, 2010; Lawton et al., 2001b; Rieck, 2014; Rieck et al., 2015; Taylor et al., 
2012). We believe that that the heterogeneity induced by land use land cover changes in 
Puerto Rico occurs at a scale that is too small (see Figure 4.3) to strongly influence 
mesoscale circulations. 
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 Based on the analysis, there was no statistically significant indication that forest 
regeneration at the buffer zone areas investigated was the cause of the changes in 
precipitation from 1955 to 2015 (see Figure 4.8 and Table 4.4). There was, however, a 
weak increasing trend of precipitation with reforestation at the smallest buffer distance 
investigated (500 m), as displayed in Figure 4.8A. There could be two possible 
explanations for the lack of correlation between rainfall and forest regeneration: 1) 
insufficient time has passed since the forest regeneration for the new young forests and 
vegetation to significantly impact rainfall patterns, 2) changes on precipitation patterns 
occurred at scales larger than those considered in this study.  
 There was a statistically significant correlation between decreasing precipitation 
trends and urbanization for buffer distances of 3 km and 5 km. This suggests that part of 
the precipitation changes highlighted in Section 4.5.2 may be due to land cover change 
rather than climate variability or climate change alone.  
 A significant positive correlation was also found between Tmax and urbanization. 
Although not statistically significant, Tmin had a negative correlation with urbanization 
and DTR had a positive correlation with urbanization. The positive correlation between 
urbanization and DTR (although weak) could represent the decreased evaporation in 
urbanized areas due to reduced vegetation and pervious cover. The trends with Tmax and 
Tmin, however, are somewhat counterintuitive from the state of knowledge regarding the 
“urban heat island” which is believed to typically take place at night, when buildings and 
streets release the solar heating absorbed during the day (Kalnay and Cai, 2003). Thus, 
this should mainly impact the minimum temperature, Tmin. However, temperature 
changes in Puerto Rico appears to be more affected by the transport of heat and moisture 
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from the maritime sea breeze than by continental land cover change (Van der Molen et 
al., 2006). The strong positive correlation between Tmax and urbanization is then partially 
attributed to location bias, where most urbanization has occurred in the low-lying coastal 
areas of the island.  
 Hypothesis 1 could neither be accepted nor rejected based on the findings 
presented in this study. Further investigation may be required to explore the feedback 
between forest regeneration and precipitation at different scales of land cover disturbance 
than those considered in this study. Mesoscale atmospheric modeling, also beyond the 
scope of the current study, could also help to decipher the effects of the maritime sea 
breeze from those of land cover change on temperatures across Puerto Rico. 
 
 
Figure 4.8. Spatial distribution and location of buffer distances of (A) 500 m, (B) 1 km, (C) 3 km, and (D) 
5 km. Corresponding scatter plots display the change in precipitation versus change in forest and urban land 
area for the buffer distances evaluated.  
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Table 4.4. Correlations for urbanization and reforestation calculated at different buffer distances with 
changes in total yearly precipitation, P, yearly average temperatures, Tavg, yearly maximum temperatures, 
Tmax, yearly minimum temperatures, Tmin, and average yearly diurnal temperature range, DTR. Statistically 









-0.07 -0.27 -0.48 -0.38 
(0.66) (0.10) (0.00) (0.02) 
Reforestation 
0.18 0.15 0.00 -0.04 




0.28 0.17 0.01 0.04 
(0.23) (0.47) (0.98) (0.86) 
Reforestation 
-0.24 -0.12 -0.03 -0.11 




0.46 0.34 0.27 0.34 
(0.04) (0.13) (0.23) (0.13) 
Reforestation 
-0.26 -0.12 -0.16 -0.23 




-0.16 -0.20 -0.17 -0.26 
(0.48) (0.39) (0.45) (0.25) 
Reforestation 
-0.12 -0.22 -0.15 -0.08 




0.37 0.33 0.28 0.36 
(0.10) (0.14) (0.22) (0.11) 
Reforestation 
-0.09 0.06 0.00 -0.08 
(0.70) (0.79) (0.98) (0.74) 
 
4.5.4. Impact of land cover on streamflow  
 Different biophysical and anthropogenic explanatory variables were tested in 
order to explore the factors contributing to the changes in streamflow, surface flow and 
baseflow and to test hypotheses 2 and 3. Table 4.5 summarizes the results of the 
correlation analysis and Figure 4.9 shows scatter plots of the changes in the normalized 
streamflow components, ΔQ/P, ΔSF/P, ΔBF/P, and ΔBF/Q versus selected biophysical 
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and anthropogenic explanatory variables. Of the anthropogenic explanatory variables, 
there was a significant correlation between the change in urban land area and ΔBF, ΔQ/P 
and ΔBF/P. There was also a significant relationship between ΔBF/Q and Forest Age. Of 
the biophysical explanatory variables, there was a significant correlation between ΔP and 
ΔQ, and ΔTavg and ΔQ, as well as between ΔTavg and ΔSF. Although not significant, there 
was a positive correlation between forest regeneration and all streamflow components 
(see Figure 4.9). 
 Hypothesis 2 is thus partially validated since there is a statistically significant 
negative correlation between urbanization and baseflow, however, there is no significant 
relationship between forest regeneration and baseflow (although the trend is positive). 
The relatively strong correlation between ΔUrban and ΔBF/P of -0.61 (with p-value 0.02) 
is an indication that urbanization of the previously forested or agricultural land has led to 
less soil infiltration and recharge due to increasing imperviousness of the landscape 
(Bruijnzeel, 2004). Watersheds that experienced between 5 to 7% increase in urban land 
area had a range of positive and negative ΔBF/P’s, which is attributed to the fact that 
those watersheds also experienced some degree of forest regeneration that may or may 
not have buffered the effects of urbanization. The effects of urbanization on baseflow 
have been variable across the literature (Konrad and Booth, 2005; Nilsson et al., 2003; 
Roy et al., 2003), where the reduced infiltration from increasing impervious surfaces is in 
some cases counteracted by leakage of water supply or sewage infrastructure, which may 
import water from outside the catchment (Walsh et al., 2005). This however, was not 
believed to be the case with urbanization patterns in the studied watersheds and the 
decreased baseflow in urbanized regions was attributed to reduced soil infiltration.  
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 Hypothesis 3 is rejected because ΔSF and ΔSF/P display the opposite relationship 
with urbanization and forest regeneration than expected – there is a non-significant 
positive relationship with forest regeneration and a non-significant negative relationship 
with urbanization. The contradictory relationship between surface flow and urbanization 
found in this study was also reported by Ramírez et al. (2009), where the authors found 
that urban streams in Puerto Rico were just as “flashy” – fast rising and draining surface 
flow hydrographs associated with urban land use (Walsh et al., 2005) – as non-urban 
ones. This implies that other factors such as topography may be governing storm flow 
response in the small mountainous watersheds of Puerto Rico. The contradictory 
relationship can further be explained by the relationship between ΔSF and Forest Age. 
Although not statistically significant at p-value ≤ 0.05, there was a relatively high 
negative correlation between ΔSF and Forest Age (-0.49), which means that the age of 
the secondary forests could be a greater indicator of surface flow change than merely the 
increase in forest cover. In fact, it has been reported that as forest regeneration occurs, it 
could take 40 years or more (depending on the level of landscape degradation prior to 
forest regeneration) for the secondary forests to have the density, basal area, and 
aboveground biomass similar to those of old growth forests (Aide et al., 2000). Thus, as 
secondary forests in Puerto Rico age, they will have a thicker canopy that could intercept 
rainfall as well as potentially soils with greater structure from increased aboveground 
biomass that could store the surface runoff. In addition to the (non-significant) negative 
relationship between Forest Age and surface flow, there was also some indication of a 
positive relationship between Forest Age and ΔBF, and Forest Age and ΔBF/P, and a 
statistically significant relationship between Forest Age and ΔBF/Q. The latter 
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relationship implies that as forests age, the contribution of baseflow to total streamflow 
increases, potentially owing to improved recharge from more structured soils. More 
research is required to investigate the relationship between the aging of secondary forests 
and increased baseflow. However, the findings regarding the relationships between Forest 
Age and the different streamflow components are noteworthy because they highlight the 
importance of considering forest age in multi-watershed studies of land cover change 
effects on hydrology. 
 
Table 4.5. Correlations between changes in the difference streamflow components and biophysical and 
anthropogenic explanatory variables. Statistically significant changes are highlighted in grey.  
 
  
Yearly Rate of Change 
  





0.52 0.32 0.29 -0.06 -0.04 0.03 0.13 
(0.05) (0.24) (0.29) (0.84) (0.88) (0.91) (0.64) 
ΔTavg 
0.54 0.57 0.05 0.21 0.36 -0.10 -0.23 
(0.04) (0.03) (0.85) (0.45) (0.19) (0.72) (0.42) 
ΔDTR 
-0.06 0.02 -0.12 0.05 0.09 0.00 0.09 





-0.41 -0.06 -0.52 -0.61 -0.39 -0.61 -0.11 
(0.13) (0.82) (0.05) (0.02) (0.15) (0.02) (0.69) 
ΔAgriculture 
0.00 -0.01 -0.18 0.05 0.03 -0.05 0.09 
(0.99) (0.98) (0.52) (0.86) (0.92) (0.85) (0.74) 
ΔPasture 
-0.24 -0.24 0.12 -0.38 -0.40 -0.06 0.05 
(0.40) (0.40) (0.68) (0.16) (0.14) (0.84) (0.86) 
ΔForest 
0.23 0.18 0.25 0.31 0.31 0.22 -0.14 
(0.42) (0.51) (0.38) (0.26) (0.26) (0.44) (0.62) 
Forest Age 
-0.14 -0.49 0.31 0.08 -0.19 0.35 0.51 
(0.61) (0.06) (0.26) (0.77) (0.50) (0.20) (0.05) 
ΔPopulation 
0.27 0.50 -0.43 0.04 0.27 -0.43 -0.45 





Figure 4.9. Scatter plots with linear regression lines (dotted line) of A) ΔQ/P, B) ΔSF/P, C) ΔBF/P, and D) 
ΔBF/Q versus selected biophysical and anthropogenic explanatory variables.  
 
 Changes in population density were generally not well correlated with the 
streamflow components, although there was a non-significant negative correlation with 
ΔBF/P and ΔBF/Q and a non-significant positive correlation with ΔSF. Thus, the change 
in population density in a watershed could potentially be used as an indicator of changes 
in streamflow components if used as a proxy for urbanization and subsequently greater 
demand on surface and subsurface water; however, further study is required to 
substantiate this. One limitation in using changes in population density as an explanatory 
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variable for streamflow trends was that the population dataset only dated back to 1985, 
whereas the streamflow datasets typically began in the late-1950’s to early-1960’s. 
 Figure 4.10 shows detailed changes in the normalized streamflow components 
and changes in the four land cover types for the seven watersheds that experienced a 
statistically significant change as described in Section 4.2.1. Watersheds A and F both 
experienced significant agricultural abandonment, which led to forest regeneration. Those 
watersheds also had increases in Q/P, SF/P and BF/P, although watershed F had a greater 
increase in normalized surface flow than normalized baseflow, while the opposite was 
true for watershed A. This is partly attributed to the larger catchment area of watershed F, 
where potential regional increases in rainfall would have a greater effect, and partly 
because watershed F had more existing forest area than watershed A, thus improvements 
to the baseflow recharge were likely to be less pronounced. Watershed B had the greatest 
urbanization rate of the studied watersheds, resulting in negative Q/P, SF/P and BF/P. 
Watersheds D and E had a relatively moderate amount of urbanization and very little 
forest regeneration, both experiencing a statistically significant decrease in normalized 
baseflow. Watershed C had a large increase in all streamflow components, despite 
comparatively smaller amounts of forest regeneration. This was believed to be because of 
the record of the streamflow dataset, which was shorter than that of the other six 
watersheds. Despite forest growth, ΔQ/P and ΔBF/P in watershed G significantly 
decreased. This result was connected to the marked increase in pasture area, where the 
imperviousness of the pasture from soil compaction would lead to less infiltration and 
recharge. Overall, these results reinforce the previous findings from the correlation 




Figure 4.10. Changes in land cover and Q/P, SF/P and BF/P for the seven watersheds that exhibited a 
significant change in Q/P, SF/P or BF/P.  Watershed ID’s are as follows: (A) 50028000, (B) 50031200, (C) 
50039500, (D) 50046000, (E) 50057000, (F) 50144000, and (G) 50147800.  
 
4.5.5. Changes in baseflow recession behavior 
 A common attribute of urbanized streams is shorter hydrograph recession times as 
compared with forested streams (Walsh et al., 2005). Thus, it was believed that 
watersheds that became urbanized during the study period would exhibit faster baseflow 
recession times. Adversely, for watersheds that gained forest cover during the study 
period, an increase in the baseflow recession time would indicate improvements in the 
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soil structure, allowing greater soil storage capacity, while increased vegetation 
throughout the watershed would slow down the flow rate of water. This hypothesis was 
tested by quantifying the recession behavior of the seven watersheds that exhibited a 
statistically significant change in Q/P, SF/P or BF/P. Figure 4.11 displays the baseflow 
recession curves for two different periods – 1965 to 1985 and 1995 to 2015 – for the 
seven watersheds. The recession slopes were separated into six different streamflow bins 
– 1 to 3 mm, 3 to 5 mm, 5 to 10 mm, 10 to 20 mm, and greater than 20 mm – and the 
mean and median recession time for each bin was calculated. These values are provided 
in Table 4.6. Figure 4.12 displays boxplots of watershed the binned recession times. 
 Watersheds A and F, that had the greatest transition from agriculture to forest, 
also experienced longer recession times in the post-transition period, with the exception 
of the largest events for watershed F. Watershed A, in particular, displayed a fundamental 
change in the recession slope behavior from the earlier to the later period. Mean recession 
times for streamflows of less than 3 mm increased on average by about 2 days, and for 
the largest events they increased by an average of 109%. The less drastic change in the 
recession behavior of watershed F is attributed partly to the presence of existing aging 
forests (leading to greater evapotranspiration) in that watershed and partly to topographic 
differences between the two watersheds. Reforestation in watershed A occurred at higher 
elevations than in watershed F, however, watershed F is characterized by greater 
differences in topography (resulting in steeper slopes). Because watershed topography 
controls the rate at which soil water moves downslope, determining whether precipitation 
is flushed to the channel network or retained in the soil (Price, 2011), it could be expected 
that the reforested watershed with the greatest differences in elevation (watershed F) 
 119 
would experience a less drastic increase in baseflow and baseflow recession times than 
the watershed with less dramatic changes in topography (watershed A), since more 
streamflow would naturally lead to surface flow than baseflow. This is illustrated by 
differences in the contribution of baseflow to total yearly streamflow (BF/Q) between the 
two watersheds, where average BF/Q was 0.57 in watershed A, while it was 0.46 in 
watershed F (see Table A5). Yet, even in watershed F, recession times for events of 1 to 3 
mm increased by about 1 day. Longer recession slopes are attributed to increased 
groundwater storage and higher baseflows (Brutsaert, 2008), thus the longer recession 
slopes in the two extensively reforested watersheds are believed to indicate 
improvements in subsurface storage of precipitation and greater groundwater recharge.  
 Watershed G, which had a large increase in forest and pasture land cover, 
experienced shorter recession times at all streamflow values. Similarly, the watershed 
that experienced the greatest amount of urbanization, watershed B, also had shorter 
recession times at all streamflow values (with the exception of no change for the smallest 
streamflows). The moderate forest regeneration and urbanization in watershed C led to 
slightly increased recession times for streamflows of less than 10 mm and slightly 
decreased recession times for streamflows of greater than 10 mm. Watersheds D and E 
had a similar response, with recession times in watershed D decreasing at streamflows of 
less than 5 mm and increasing at streamflows of greater than 5 mm, and recession times 
in watershed E decreasing at streamflows of less than 3 mm and increasing at 
streamflows of greater than 3 mm. These findings indicate that the imperviousness of the 
landscape may be reducing the storage capacity of the soil, leading to diminished 




Figure 4.11. Baseflow recession curves for the seven watersheds that exhibited a significant change in Q/P, 
SF/P or BF/P for the pre-transition (1965-1985) and post-transition (1995-2015) periods.  Watershed ID’s 
are as follows: (A) 50028000, (B) 50031200, (C) 50039500, (D) 50046000, (E) 50057000, (F) 50144000, 
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 The results of the baseflow recession analysis provide evidence to support 
hypothesis 4. This study reveals that forest regeneration has over time altered the 
response of Puerto Rico’s extensively reforested watersheds so that baseflow recession 
times have increased when compared to pre-regeneration periods. To the best knowledge 
of the author, this study is the first to provide evidence of altered baseflow recession 
behavior following forest regeneration in the tropics. The study also provides evidence 
that urbanization or transition from agriculture to pasture in watersheds shortens 
hydrograph response times in the tropics. Baseflow recession slope analysis can be an 
important tool for studying the hydrologic effects of land cover change under data limited 
conditions, where sufficient rainfall records may not be available for the normalization of 







Figure 4.12. Binned recession time boxplots for the seven watersheds that exhibited a significant change in 
Q/P, SF/P or BF/P for the pre-transition (1965-1985) and post-transition (1995-2015) periods.  Watershed 
ID’s are as follows: (A) 50028000, (B) 50031200, (C) 50039500, (D) 50046000, (E) 50057000, (F) 
50144000, and (G) 50147800. 
 
4.6. Conclusions 
 Over the past 60 years, Puerto Rico has experienced extensive changes in land 
cover and hydro-climatology. Urbanization led to a decreasing trend in total yearly 
precipitation, yet, a significant relationship between forest regeneration and increased 
precipitation was not found. There was a distinct spatial pattern of precipitation change, 
as rainfall in the southern part of the island has generally increased, while rainfall in the 
northern part of the island has generally decreased. Minimum temperatures across the 
island have been rising (more than the rise in maximum temperatures), leading to a 
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decrease in the average diurnal temperature range. Urbanization was also associated with 
a significant increase in maximum yearly temperatures. A combination of regional 
climate and land cover changes are likely driving the observed trends in precipitation and 
temperature. 
 Changes in streamflow were also partly attributed to land cover. The statically 
significant negative correlation between the change in urban land cover and the change in 
normalized runoff and baseflow indicates that baseflow and consequently total 
streamflow has been decreasing as a result of urbanization. This is due to the increase in 
impervious surfaces, which inhibit infiltration and recharge. Although there was no 
significant relationship found between the change in yearly streamflow or baseflow as a 
result of forest regeneration, the reforested watersheds exhibited a fundamental change in 
the baseflow recession behavior. Over the study period, recession times in the most 
reforested, previously agricultural watershed increased by about 2 days for streamflows 
of less than 1 mm and 109% for streamflows of greater than 20 mm. This provides 
evidence for the theory that soil infiltration and watershed response to rainfall improve 
following forest regeneration. This finding also illustrates the importance of considering 
both water yields and recession behavior in quantifying the effects of land change on 
baseflow. Increases in baseflow recession times following forest regeneration are also 
connected to watershed topography, with reforested watersheds exhibiting less 
pronounced differences in elevation experiencing greater increases in baseflow recession 
times than those with large slopes. Baseflow recession times decreased following 
urbanization and the conversion of agricultural lands to pasture. This was attributed to 
increased imperviousness of the land surface, which would inhibit infiltration and 
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interception, leading to more direct runoff. Finally, forest age was found to play a more 
dominant role in the reduction of surface flow than did the change in forest cover 
between the two periods. This may prove useful for future research as well as policies. In 
terms of investments into reforestation programs, it would be important for decision 
makers to be aware that it may take many decades before reductions in surface flow are 
achieved. For future research looking at the impact of land cover change across multiple 
watersheds, forest age may be an important variable to consider. The consideration of 
forest age can be particularly important for studies of natural forest regeneration, since 
increasingly, tropical landscapes and watersheds will contain a mosaic of forests at 











 From densely populated cities to the deforested mountains that create the natural 
boundaries of watersheds, the impact of land cover change on hydrology transcends 
many scales. The water management challenges brought on by urbanization and 
deforestation, as described in this dissertation, have motivated the adoption of landscape 
re-greening on otherwise impervious or degraded (ex. poorly managed agricultural land) 
surfaces. As interest in the application of re-greening strategies grows, the question 
remains: how effectively can these strategies address problems such as flooding and 
water pollution and how do we evaluate their hydrological benefits? The research 
summarized in this dissertation addressed this question by evaluating the hydrological 
benefits of landscape re-greening from the city to the watershed-scale. Through this 
perspective, the research contained in the preceding three chapters provides several 
important contributions to the interdisciplinary fields of ecological hydrology and 
ecological engineering. Beyond the theoretical contributions of the work, the research 
also presents a number of tools that could be used to make more informed decisions 
regarding the implementation of different re-greening strategies. This chapter highlights 
the major contributions of the work described in this thesis as well as potential avenues 
for future research. 
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5.1. Green roof design considerations (Chapter 2) 
 Green roofs can be designed in many different ways. Depending on the needs of 
its end users and the initial implementation goals, a green roof can range from a simple 
single genus vegetated mat to more complex designs with various types of plants, 
walking paths, and other architectural elements. In terms of providing hydrological 
services, a green roof’s performance is affected by the physical characteristics of the 
design and the roof over which it is placed, as well as local weather conditions and 
regional climate (Czemiel Berndtsson, 2010). Chapter 2 addressed voids in the literature 
regarding both factors. 
5.1.1. Significance of key findings 
 Prior work regarding the physical design characteristics of green roofs had not 
explicitly accounted for the effects of green roof drainage area. Chapter 2 addressed this 
gap in research by investigating differences in hydrologic performance between three 
extensive green roofs in New York City. By controlling for all major physical 
characteristics of the green roofs – type, manufacturer, age, location (i.e. micro-climate) – 
except for monitored drainage area, the study enabled observed and modeled differences 
in hydrologic performance to be attributed to scale. Through event-based observations of 
individual storms, it was revealed that a larger green roof drainage area would result in 
greater runoff peak reduction, although it would not necessarily impact overall rainfall 
retention or the lag time from peak rainfall to peak runoff. The greater peak reduction on 
larger green roofs was considered to be due to the longer time it takes for water to travel 
from the outer parts of the rooftop drainage basin to the roof drain. By reducing peak 
runoff, green roofs can decrease the amount of stormwater entering a city’s sewer system 
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during the height of a storm. This has notable design implications, as combined sewer 
overflows can be triggered by as little as 3 mm of rainfall in one hour (Montalto et al., 
2007). It is suggested that if hydrological benefits are a consideration for the installment 
of green roofs, then designers and engineers should be cognizant of the green roof area 
covering individual rooftop drainage basins.  
 Storm event characteristics – rainfall depth, rainfall intensity, rainfall duration and 
antecedent dry weather period (ADWP) – were also found to impact green roof 
hydrologic performance. Overall, rainfall depth and duration exhibited the strongest 
relationship with rainfall retention and peak reduction, which agreed with previous 
reports. However, the study summarized in Chapter 2 questioned the role of ADWP as an 
indicator of green roof performance. It is deduced from this work that future event-based 
models should place more emphasis on rainfall depth and duration as prediction 
parameters and consider the use of substrate moisture conditions in lieu of ADWP. 
 Predictive models are an increasingly important aspect of green roof research, as 
they allow for the hydrological benefits of green roofs to be scaled-up to represent the 
impact of citywide implementation. Models can also be used to optimize the design of 
individual green roofs for factors such as substrate depth, substrate properties and plant 
type. Chapter 2 considered the efficacy of one popular model used in the prediction of 
green roof hydrology, HYDRUS-1D, in predicting extensive green roof runoff based on 
laboratory measured parameters. Similar to the observational data, the one dimensional 
infiltration model was affected by green roof drainage area. Green roof heterogeneities, 
leading to preferential flow paths in the different drainage areas, were believed to 
influence event-based runoff behavior, which the model was not able to capture. The use 
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of initial boundary conditions based on average substrate moisture instead of actual 
substrate moisture at the beginning of each simulation was also identified as a key issue 
leading to poor model performance for smaller rainfall events. This again stresses the 
importance of substrate moisture in predicting green roof hydrologic behavior. Overall, 
this chapter revealed the need for roof specific calibration parameters when using 
HYDRUS-1D to predict green roof event-based hydrology and acknowledged the 
importance of considering flow paths in event-based predictions of green roof runoff. 
5.1.2. Avenues for future research 
 Standardized design guides for green roofs are generally lacking in the United 
States. The development of design standards for green roofs could help to pave a path for 
this rapidly emerging civil infrastructure to become a more accountable and commonly 
utilized tool. The findings from Chapter 2 present an opportunity to develop green roof 
‘performance-design-curves’ that could provide users with the optimum green roof 
drainage area based on desired or required reductions in rainfall retention and peak 
reduction. Figure 2.7 and the graphical abstract in Chapter 2 illustrate the potential for 
the development of these curves. Additional monitoring and modeling of drainage areas 
different than those considered in the study should be undertaken to solidify the 
relationship between drainage area and green roof stormwater runoff reductions. In this 
manner, a direct link could be created between the work of green roof researchers and the 
needs of practitioners in better integrating green roofs into their building designs.   
5.2. Long-term evaluation of green roof hydrologic performance (Chapter 3) 
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 As the adoption of green infrastructure becomes more typical in cities, there is a 
greater need to develop resource efficient methods for their continuous performance 
evaluation of this infrastructure. Chapter 3 addressed this need with the development of 
the Soil Water Apportioning Method (SWAM), which can predict green roof runoff and 
ET solely using measurements of substrate moisture, rainfall and the manufacturer 
provided green roof substrate water storage capacity. 
5.2.1. Significance of key findings 
 Although SWAM incorporated findings from previous research studies, the 
methodology summarized in Chapter 3, to the best knowledge of the author, was the first 
to enable the prediction of both green roof runoff and evapotranspiration using minimally 
measured parameters, without the need for additional calibration. SWAM is not explicitly 
a predictive hydrological model. However, since it can be used to make hind-cast 
prediction of green roof performance, it is considered a hybrid monitoring-modeling tool. 
Unlike the event-based modeling with HYDRUS-1D that was discussed in Chapter 2 and 
Section 5.1.1 in this chapter, the method proposed in Chapter 3 aims to provide 
continuous data on aggregate green roof hydrologic behavior over the course of a green 
roof’s life span.  
 SWAM performed well compared with directly measured runoff and modeled 
evapotranspiration for three different extensive green roof types – pre-vegetated mat, 
built-in-place and modular tray. Best results were achieved using processing time-steps of 
3 to 24 hours. The analyses also revealed that estimates of runoff and evapotranspiration 
via SWAM could be obtained with the use of only one soil moisture sensor per green roof 
drainage area and as little as one measurement of substrate moisture per day. This makes 
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SWAM a cost and resource-efficient alternative to other commonly used monitoring 
methods. It is estimated that the installation costs of a SWAM network would be about 
one-half of those of a typical monitoring system (exclusive of the cost of labor and 
maintenance) and require nearly 5-times less labor-hours. The maintenance requirements 
of the SWAM network are also much less demanding than those of other typical systems, 
which require regular re-calibration and troubleshooting. In practice, the cost and 
maintenance requirements of typical monitoring networks limit their use outside of 
academic research. 
 As in the contributions of Chapter 2, highlighted above, SWAM provides a tool 
that can help to bridge the gap between research and more informed city planning 
decisions regarding green infrastructure implementation. Given the module’s simplicity 
and robustness, SWAM could have utility for researchers from various fields of study as 
well as practitioners interested in the development of widespread green infrastructure 
monitoring and evaluation campaigns. 
5.2.2. Avenues for future research 
 Expansion of SWAM’s validation with additional field monitoring would 
strengthen the findings from Chapter 3. Specifically, direct measurements of ET would 
provide a good supplement to the comparison with the Soil Moisture Extraction Function 
(SMEF) model presented in Chapter 3. More direct measurements of runoff from the 
built-in-place and modular tray green roofs would also be useful for further validation of 
SWAM for different types of green roofs. Lastly, although two different low-cost soil 
moisture sensors were tested in this study, future work could investigate the sensitivity of 
additional sensors in measuring green roof substrate moisture. Having identified moisture 
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measurements as a key parameter to green roof performance predictions, there is great 
potential to incorporate ultra-low-cost soil moisture measuring devices in green roof 
studies. Bringing down the cost of instrumentation would also help to make large-scale 
performance evaluation of green infrastructure more realizable.  
 Perhaps the most important avenue for future research would be applying the 
SWAM methodology to green infrastructure other than green roofs. Green streets and 
right-of-way bioswales, which are both exceedingly popular components of city green 
infrastructure plans, would be excellent candidates for this method. By accounting for 
rainfall over these vegetated surfaces and the stormwater diverted to them via curbside 
flow, their water retention capacity could be calculated using changes in soil moisture. 
Depending on the depth of the soil, several sensors may be required to capture the 
vertical moisture profile. If successful in predicting the behavior of these other systems, 
SWAM could be used to create an integrated network of green infrastructure hydrologic 
monitoring citywide. 
5.3. Hydrological benefits of reforestation (Chapter 4) 
 With the growing emergence of secondary forests on previously deforested, 
cultivated landscapes and greater investments going into targeted reforestation programs, 
there is a need to quantify the hydrological effects of reforestation on degraded land. 
Chapter 4 addressed this issue through a case study of Puerto Rico, a country that has 
experienced extensive forest regeneration over the past 60 years.  
5.3.1. Significance of key findings 
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 The results summarized in Chapter 4 present one of the first accounts of 
improved soil storage and recharge following forest regeneration in previously 
agricultural-intensive watersheds in the tropics. By investigating streamflow, 
precipitation and land cover changes in 15 mesoscale watersheds (27 m2 to 540 m2), it 
was found that baseflow recession times have increased in the most reforested 
watersheds, providing evidence of greater soil infiltration with forest regeneration. The 
scale of increase in baseflow recession times was dependent on the natural topography of 
the watershed as well as the previous soil conditions and presence of mature forests. For 
example, a reforested watershed with little existing forest cover and milder topographical 
differences would likely experience a relatively larger increase in baseflow recession 
times than one with mature forests and sharp topographic reliefs. Realizing the role of 
these factors in the hydrological benefits of reforestation is important for better managing 
expectations of investments into reforestation programs.   
 The hydrologic benefits of reforestation were also dependent on the age of the 
regenerated forests and the degree of urbanization in the studied watersheds. The study 
found that improved baseflow might not be apparent until several decades after initial 
forest regeneration, while there was evidence of poor soil infiltration in urbanized areas, 
leading to decreased baseflow. Thus, it’s possible that growing urbanization may offset 
improvements in subsurface recharge due to forest regeneration at the watershed scale.  
 Island wide changes in temperature over the study period agreed with global and 
regional studies, with extreme temperatures having increased overall. The increasing 
temperature trends supported the reported effects of climate change observed in many 
other regions. In addition to climate change and variability, temperature and precipitation 
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trends were also partly attributed to land cover change. The consideration of climate 
factors was an important aspect of the analysis, which allowed for the isolation of 
streamflow changes likely due to natural variability from those that were likely due to 
land cover change.  
 The results presented in Chapter 4 are a contribution to the interdisciplinary study 
of land cover change and hydrology. Chapter 4 advances knowledge on the effects of 
forest regeneration on hydrology at the watershed scale by presenting evidence for the 
hydrological benefits of reforestation on previously degraded land in tropical regions. 
This chapter also addressed a gap in the literature regarding the impact of land cover 
change on baseflow (Bruijnzeel, 2004). Finally, the demonstrated use of baseflow 
recession analysis to investigate the effects of land cover change on streamflow provides 
an important tool for future research on this topic.  
5.3.2. Avenues for future research 
 Even in data rich regions, studying the effects of land cover change on watershed-
scale hydrology is challenging. Watershed modeling would be a good next step for the 
research presented in Chapter 4. Beck et al. (2013) demonstrated the ability of the HBV-
light model, a spatially-lumped, conceptual rainfall-runoff model based on the original 
HBV model (Bergström, 1976), to predict daily streamflow in Puerto Rico. The study 
reported by Beck et al. (2013) did not explicitly consider changes in baseflow recession 
behavior as a result of land cover change at the watershed scale. Future work could 
expand on the modeling efforts of Beck et al. (2013) and the work summarized in 
Chapter 4 of this dissertation by using a conceptual hydrologic model (such as the HBV-
light) to investigate, in greater detail, the contributing physical factors in the landscape 
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that have led to changes in streamflow, surface flow, baseflow, and baseflow recession 
times. Recent studies (ex. Blöschl et al., 2007; Ellison et al., 2012) have also drawn 
attention to the importance of considering feedback loops between land cover change, 
climate and hydrology. The study in Chapter 4 made an effort to address these feedback 
loops by investigating potential land cover change effects on precipitation and 
temperature and by normalizing streamflow, surface flow and baseflow by precipitation. 
However, without the use of predictive models, the study in this respect was limited. 
Considering the interconnected relationship between land cover change and potential 
changes in precipitation, evapotranspiration and streamflow would require a coupled 
hydro-climate model that could be applied at the mesoscale. Given the noted gap in 
research that addresses land cover change feedbacks on hydrology and climate (Ellison et 
al., 2012), this presents another path for future research to follow. 
5.4. Concluding remarks 
 Landscape re-greening provides an opportunity to address water management 
challenges arising from land cover change through the use of natural systems. The 
research presented in this dissertation addressed the impact of land cover change on 
hydrology at various scales, from the city to the watershed scale. Implementing re-
greening programs at different scales is important because the hydrological effects of 
upstream land cover change invariably impact downstream users. As it was demonstrated 
in the case study of Puerto Rico presented in Chapter 4, urbanization typically occurs in 
the lower elevations of a watershed, while deforestation typically occurs in more 
mountainous regions in the upper reaches of a watershed. The simultaneous occurrence 
of urbanization and deforestation within individual watersheds is something that many 
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regions in the world are facing. While the specific re-greening approach should be unique 
for each region based on its water management needs and goals, this dissertation 
provided valuable insight as well as a number of tools that can help to determine the 
hydrological benefits of citywide green infrastructure implementation and watershed 
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Figure A1. Observed versus simulated total runoff volume per unit rooftop area for the investigated green 
roof sites during (A) all modeled events, (B) small events (<20mm), (C) medium events (20-40mm), and 




Figure A2. Observed versus simulated peak runoff rate for the investigated green roof sites during (A) all 
modeled events, (B) small events (<20mm), (C) medium events (20-40mm), and (D) large events 
(>40mm). The dashed lines indicate perfect match between measurements and model outputs.   
 
 
Figure A3. Observed versus simulated peak time for the investigated green roof sites during (A) all 
modeled events, (B) small events (<20mm), (C) medium events (20-40mm), and (D) large events 
(>40mm). The dashed lines indicate perfect match between measurements and model outputs.  
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Appendix Tables 
Table A1. Summary statistics for Figure 2.5. 
 
  Rainfall Retention (%) Peak Reduction (%) Lag (hr) 
Total Rainfall Depth (mm) 
 
<20 20-40 >40 <20 20-40 >40 <20 20-40 >40mm 
Mean 85 48 32 89 62 51 1.79 3.97 0.33 
Median 98 49 34 98 64 52 0.29 2.54 0.083 
St. Dev. 21 16 13 18 21 12 3.02 4.32 0.69 
Rainfall Intensity (mm/hr) 
 
<1 1-3 >3 <1 1-3 >3 <1 1-3 >3 
Mean 87 78 77 88 79 84 3.61 1.7 0.86 
Median 97 87 97 95 91 97 2.33 0.21 0.17 
St. Dev. 21 25 28 16 26 22 4.2 3.38 1.15 
Rainfall Duration (hr) 
 
<10 10-20 >20 <10 10-20 >20 <10 10-20 >20 
Mean 85 66 43 89 67 55 0.99 3.62 2.79 
Median 100 77 41 100 80 52 0.25 0.75 0.25 
St. Dev. 22 23 21 18 26 14 1.2 4.25 4.88 
Antecedent Dry Weather Period (hr) 
 
<50 50-100 >100 <50 50-100 >100 <50 50-100 >100 
Mean 74 76 71 80 84 78 1.4 2.34 3.08 
Median 85 92 79 91 93 82 0.25 1.08 0.38 
St. Dev. 28 28 30 23 21 21 2.25 3.18 4.72 
 
Table A2. Summary statistics for Figure 2.6.  
 
  Rainfall Retention (%) Peak Reduction (%) Lag (hr) 
 
W118 W115 Mudd W118 W115 Mudd W118 W115 Mudd 
Small Events 
Mean 81 89 75 92 88 60 1.44 2.10 0.78 
Median 99 100 75 99 99 61 0.25 0.33 1.00 
St. Dev. 26 16 19 14 18 35 2.36 3.48 0.46 
Medium Events 
Mean 46 52 46 71 56 27 3.76 5.45 1.62 
Median 47 54 46 68 50 27 3.08 2.42 1.62 
St. Dev. 16 9 39 13 20 33 3.67 6.51 1.24 
Large Events 
Mean 25 43 - 54 50 - 0.46 0.06 - 
Median 27 41 - 54 51 - 0.08 0.08 - 
St. Dev. 11 7 - 12 6 - 0.90 0.05 - 
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Table A3. Hydrologic characteristics for all simulated rainfall events. ADWP is the Antecedent Dry 
Weather Period. NSE is the Nash-Sutcliffe Efficiency index. a Events that meet the statistical performance 
criteria of NSE>0.5 and RSR ≤ 0.7. b This event has been identified as an outlier and is not included in the 
statistics calculations for NSE, RSR and PBIAS. 
 
 









ADWP Obs. Sim. NSE RSR PBIAS 
(mm) (h) (mm/h) (h) (mm) (mm) (-) (-) (%) 
(a) W118 
8/3/11 26.92 14.08 1.91 117.75 11.56 23.44 0.29 0.71 103 
8/6/11b 10.16 15.25 0.67 66.83 2.01 6.82 -7.27 8.27 238 
8/7/11a 8.38 7.75 1.08 15.00 3.30 6.12 0.65 0.35 85 
9/28/11 a 26.92 52.00 0.52 99.58 17.25 24.61 0.79 0.21 43 
9/30/11 a 32.51 58.33 0.56 25.42 24.04 31.09 0.83 0.17 21 
10/3/11 2.29 12.75 0.18 23.67 2.03 1.01 -0.01 1.01 -50 
10/19/11 a 42.16 31.08 1.36 107.42 29.03 39.40 0.79 0.21 36 
10/27/11 a 24.13 15.67 1.54 167.58 14.29 20.56 0.59 0.41 44 
11/16/11 26.16 52.00 0.50 122.17 17.64 23.86 0.16 0.84 35 
11/29/11 a 17.27 25.58 0.68 141.92 11.95 15.43 0.56 0.44 29 
12/6/11 a 72.90 42.33 1.72 153.25 58.42 70.21 0.82 0.18 20 
12/21/11 a 5.59 9.33 0.60 6.08 2.20 3.13 0.65 0.35 42 
12/27/11 a 41.15 22.17 1.86 105.75 30.06 39.47 0.77 0.23 31 
1/1/12 2.03 7.08 0.29 117.58 0.96 0.21 -0.28 1.28 -78 
1/11/12 a 51.82 27.08 1.91 241.67 38.93 48.41 0.85 0.15 24 
1/16/12 2.29 5.92 0.39 93.00 0.35 0.08 -0.11 1.11 -77 
Mean 24.54 24.90 0.99 100.29 16.50 22.12 0.49 0.51 21 
Median 25.15 18.92 0.68 106.59 13.12 22.00 0.65 0.35 31 
St. Dev. 20.20 17.51 0.63 62.73 16.35 20.01 0.38 0.38 52 
(b) W115 
8/3/11 a 17.78 5.67 3.14 117.83 7.30 14.14 0.76 0.24 94 
9/29/11 a 14.48 19.67 0.74 6.58 6.08 10.96 0.73 0.27 80 
9/30/11 18.54 9.00 2.06 25.42 11.49 14.86 0.28 0.72 29 
10/12/11 12.45 10.83 1.15 214.42 2.67 8.59 -2.64 3.64 222 
10/14/11 2.03 2.00 1.02 13.75 0.21 0.07 -0.04 1.04 -66 
10/19/11 a 33.53 20.67 1.62 107.50 14.22 30.09 0.60 0.40 112 
11/16/11 16.76 12.17 1.38 122.17 5.63 13.14 0.21 0.79 133 
11/22/11 a 48.01 33.33 1.44 10.17 27.85 44.37 0.74 0.26 59 
11/29/11 9.91 12.75 0.78 141.00 1.87 6.17 -0.81 1.81 230 
12/22/11 19.81 6.17 3.21 24.08 8.51 16.02 0.40 0.60 88 
12/27/11 a 23.88 7.08 3.37 105.92 14.84 20.16 0.84 0.16 36 
1/11/12 37.85 18.75 2.02 237.00 17.48 34.51 0.41 0.59 97 
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1/13/12 2.29 0.67 3.43 7.42 0.40 0.10 -0.03 1.03 -76 
1/17/12 3.05 3.67 0.83 6.25 0.37 0.29 -0.23 1.23 -20 
4/22/12 a 61.47 19.42 3.17 10.50 38.83 57.34 0.75 0.25 48 
6/12/12 a 21.34 14.50 1.47 57.20 10.77 18.32 0.54 0.46 70 
Mean 21.45 12.27 1.93 75.45 10.53 18.07 0.16 0.84 71 
Median 18.16 11.50 1.55 41.31 7.91 14.50 0.41 0.60 75 
St. Dev. 16.57 8.57 1.01 76.40 10.61 16.23 0.87 0.87 85 
(c) Mudd 
9/27/09 36.00 20.42 1.24 67.42 9.65 33.18 -1.30 2.30 244 
9/28/09 3.53 1.83 0.74 31.17 1.53 0.67 -0.04 1.04 -56 
10/7/09 4.06 6.58 1.57 74.67 0.25 0.73 -0.17 1.17 193 
10/23/09 18.66 8.92 3.07 19.72 4.69 14.47 -0.84 1.84 209 
10/24/09 27.58 11.42 3.45 6.00 22.58 23.18 -0.20 1.20 3 
10/27/09 47.02 32.25 6.88 71.83 24.02 43.20 -0.13 1.13 80 
Mean 22.81 13.57 2.83 56.77 10.45 19.24 -0.45 1.45 111 
Median 23.12 10.17 2.32 27.33 7.17 18.83 -0.19 1.19 136 
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